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1. 素粒子標準模型と暗黒物質



素粒子標準模型
物質場
クォーク・レプトンx３世代

ゲージ場
強い相互作用
弱い相互作用
電磁相互作用

を媒介

ヒッグス場
ゲージ場・物質場に質量を与える

[Figure from Wikipedia]



素粒子標準模型
標準模型：以下のラグランジアンを持つ場の量子論
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物質場＋ゲージ相互作用

ヒッグス場

湯川相互作用

ゲージ場の質量

物質場の質量

この世界のほとんど全てを正しく記述する    “神の数式”



標準模型の問題点

暗黒物質

物質反物質非対称性

インフレーション

階層性問題
強いCP問題

世代構造

量子重力

宇宙論的問題 理論的問題

標準模型は究極理論ではない！

ゲージ構造
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暗黒物質の観測的証拠

銀河の回転曲線 重力レンズ 銀河団の衝突



暗黒物質の観測的証拠
宇宙背景放射 宇宙のエネルギーの割合

暗黒エネルギー
~70%

暗黒物質
~25%

通常の物質 ~5%

[Planck (2018)]



暗黒物質について分かっていること
宇宙の全エネルギーの約２０％

地球近傍では質量密度
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⇢ ' 0.4GeV/cm3

重力を及ぼす

質量
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10�22 eV � 1052 eV（ほぼ全く決まってない！）

“冷たい” （速度が小さい）

雲を掴むような話

単位
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meV = 10�3 eV

GeV = 109 eV

TeV = 1012 eV
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1GeV
～陽子１個の質量

など



今日の
主題

暗黒物質の研究

暗黒物質のモデル 初期宇宙での生成過程
現在の存在量と合致するか？
宇宙の構造形成がうまくいくか？

理論的動機 階層性問題 強いCP問題

実験・観測との関係

弦理論？

地上実験（加速器実験、直接検出実験 …）
宇宙観測（宇宙線、宇宙背景放射、重力波、星の進化 …）
新たな実験手法の提案

etc …大統一理論？
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Figure by T.Tait

暗黒物質の模型は O(100) (1000以上？)あると思われる



暗黒物質の代表的な模型

アクシオン

標準模型の階層性問題を解決

典型的には質量 1TeV 程度で、弱い相互作用程度の相互作用の大きさを持つ

WIMP (Weakly-Interacting Massive Particle)

超対称性理論のニュートラリーノなどが代表例

標準模型の強いCP問題を解決

典型的には質量 1μeV - 1meV 程度で、相互作用はすごく弱い

ALP (Axion-Like Particle),  ダークフォトン
典型的には質量 << 1eV で、相互作用はすごく弱い
弦理論から多数のALP, ダークフォトンが予言される？ [Arvanitaki et al. (2009)]

[Peccei, Quinn (1977)]



（重力以外の）
相互作用の強さ

実験・
観測で

排除

質量
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広大なパラメータ領域を探索するために、 
様々な実験・観測のアイデアが必要！
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（重力以外の）
相互作用の強さ

実験・
観測で

排除

質量
(eV)<latexit sha1_base64="KUYAln+Dm8DSQj/zv1k3/ztZzMw="></latexit>

1012
<latexit sha1_base64="o1fMq/eT35GbfoByPeuGQHmN1pM="></latexit>

10�22
<latexit sha1_base64="mu2scR0bz3bdaRa0hXR4vFZdk/I="></latexit>

10�6
<latexit sha1_base64="tG2dt+JHvAnkINe8VMbpDpFnFp4="></latexit>

1052
<latexit sha1_base64="N96jKIzdQYaHrgkinMEpfFBoMQk="></latexit>

1020
<latexit sha1_base64="ZePucnL0jJ9DJNuBwX65j231/Ow="></latexit>

1040
<latexit sha1_base64="k0LaXL7Za7Ur3ybpaOwB7hAEp70="></latexit>

103
Ste

ril
e


ne
ut

rin
o

W
IM

P

Su
pe

rh
ea

vy
 D

M

So
lito

n

Mon

op
ole

Pr
im

or
dia

l


bla
ck

 ho
le

Axio
n

Dar
k p

ho
to

n

Axio
n-

lik
e 

pa
rti

cle

SU
SY

, K
alu

za
-K

lei
n

WIMP

Axion



2. 暗黒物質の様々な検証方法

2-1. WIMP暗黒物質

2-2. アクシオン暗黒物質



WIMP暗黒物質の直接・間接検出
直接検出

暗黒物質のフラックス
<latexit sha1_base64="yy9D6TWIJp43+FxjA6LEa7aiwwI="></latexit>

⇠ 104 cm�2s�1

✓
103 GeV

m

◆

暗黒物質が検出器中の原子にたまにぶつかる

暗黒物質

原子核

典型的な反跳エネルギー
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E ⇠ m2mN

(m+mN )2
v2 ⇠ 100 keV

⇣ mN

100GeV

⌘

電離、シンチレーション、温度上昇など

相互作用の大きさ（散乱断面積）の情報が得られる



XENON実験

LZ実験

液体キセノンの場合
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background by a factor of 5. The number of 37Ar events
is estimated by calculating the exposure of the xenon to
cosmic rays before it was brought underground, then cor-
recting for the decay time before the search [73]. A flat
constraint of 0 to three times the estimate of 96 events is
imposed because of large uncertainties on the prediction.

The NR background has contributions from radiogenic
neutrons and coherent elastic neutrino-nucleus scatter-
ing (CE⌫NS) from 8B solar neutrinos. The prediction
for the CE⌫NS rate, calculated as in Refs. [54, 64–66],
is small due to the S2>600 phd requirement. The rate
of radiogenic neutrons in the ROI is constrained using
the distribution of single scatters in the FV tagged by
the OD and then applying the measured neutron tag-
ging e�ciency (88.5± 0.7%). A likelihood fit of the NR
component in the OD-tagged data is consistent with ob-
serving zero events, leading to a data-driven constraint
of 0.0+0.2 applied to the search. This rate agrees with
simulations based on detector material radioassay [62].

Finally, the expected distribution of accidentals is de-
termined by generating composite single-scatter event
waveforms from isolated S1 and S2 pulses and applying
the WIMP analysis selections. The selection e�ciency
is then applied to UDT single-scatter-like events to con-
strain the accidentals rate.

FIG. 5. The 90% confidence limit (black line) for the spin-
independent WIMP cross section vs. WIMP mass. The
green and yellow bands are the 1� and 2� sensitivity bands.
The dotted line shows the median of the sensitivity projec-
tion. Also shown are the PandaX-4T [26], XENON1T [25],
LUX [28], and DEAP-3600 [74] limits.

Statistical inference of WIMP scattering cross section
and mass is performed with an extended unbinned pro-
file likelihood statistic in the log10S2c-S1c observable
space, with a two-sided construction of the 90% confi-
dence bounds [54]. Background and signal component
shapes are modeled in the observable space using the
geant4-based package baccarat [75, 76] and a custom
simulation of the LZ detector response using the tuned

FIG. 6. Reconstructed energy spectrum of the best fit model.
Data points are shown in black. The blue line shows total
summed background. The darker blue band shows the model
uncertainty and the lighter blue band the combined model and
statistical uncertainty. Background components are shown in
colors as given in the legend. Background components from
8B solar neutrinos and accidentals are included in the fit but
are too small to be visible in the plot.

nest model. The background component uncertainties
are included as constraint terms in a combined fit of the
background model to the data, the result of which is also
shown in Table I.
Above the smallest tested WIMP mass of 9GeV/c2,

the best-fit number of WIMP events is zero, and the data
are thus consistent with the background-only hypothesis.
Figure 5 shows the 90% confidence level upper limit on
the spin-independent WIMP-nucleon cross section �SI as
a function of mass. The minimum of the limit curve is at
m� = 30GeV/c2 with a limit of �SI = 6.5⇥ 10�48 cm2.
For WIMP masses between 19GeV/c2 and 26GeV/c2,
background fluctuations produce a limit which is below
a critical discovery power threshold, ⇡crit = 0.32, and
for these masses the reported limit is set to the limit
equivalent to ⇡crit [54]. The background model and data
as a function of reconstructed energy are shown in Fig. 6,
and the data agree with the background-only model with
a p-value of 0.96. LZ also reports the most sensitive
limit on spin-dependent neutron scattering, detailed in
the Appendix. A data release for this result is in the
Supplemental Materials [77].

The LZ experiment has achieved the highest sensitivity
to spin-independent WIMP-nucleon scattering for masses
greater than 9GeV/c2 due to the successful operation
of an integrated detector system containing the largest
dual-phase xenon TPC to date. LZ is continuing opera-
tions at SURF and will undertake further detector and
analysis optimization to search for a broad range of rare-
event physics searches, including WIMPs, neutrinoless
double-beta decay, solar neutrinos, and solar axions [78–

[LZ collaboration (2022)]
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Figure 6: Wino-proton SI scattering cross section. Blue dashed and red solid lines rep-
resent LO and NLO results, respectively, with corresponding bands show perturbative
uncertainties. Gray band shows uncertainty resulting from the input error. Yellow shaded
area corresponds to the region in which neutrino background overcomes DM signal [32].

than 1%, and thus well controlled compared to the scalar contribution.

3.3 Scattering cross section

Finally, we evaluate the wino-nucleon SI scattering cross section, which is given by

�N
SI =

4

⇡

✓
MmN

M +mN

◆2

|fN
scalar + fN

twist2|
2 . (3.54)

We plot �p
SI as function of the wino mass in Fig. 6. Additionally we indicate the parameter

region where the neutrino background dominates the the DM-nucleon scattering [32] and
then it becomes hard to detect the DM signal in the DM direct detection experiments (yel-
low shaded). Here we estimate each error by varying the scalar and twist-2 contributions
within their uncertainties evaluated above. The result shows that the large uncertainty in
the LO computation is significantly reduced once the NLO QCD corrections are included,
which is now smaller than that from the input error. In the large DM mass limit, the SI
scattering cross section converges to a constant value,

�p
SI = 2.3 +0.2

�0.3
+0.5
�0.4 ⇥ 10�47 cm2 , (3.55)

where the first and second terms represent the perturbative and input uncertainties, re-
spectively. As seen from Fig. 6, �p

SI has little dependence on the DM mass; its variation

21

[Hisano, Ishiwata, Nagata (2015)]

暗黒物質-核子 散乱断面積への上限 Wino暗黒物質の予言



WIMP暗黒物質の直接・間接検出
間接検出

<latexit sha1_base64="Zche8djIBHWTfjhoCOiwRHh/dfk="></latexit>�, ⌫
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e±, p̄

暗黒物質はたまに対消滅する

などが宇宙線として地球に届く
ガンマ線、ニュートリノ、陽電子

銀河系内成分＋銀河外成分

対消滅

質量・対消滅断面積に制限
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Figure 4.7: Gamma-ray flux from the DM annihilation into τ+τ− for the model (b) in Table. 3.3 in
the region with galactic latitude 10◦ < |b| < 20◦ averaged over the longitude ". Four components
are shown : Galactic primary, Galactic inverse Compton, extragalactic primary and extragalactic
inverse Compton contributions. We adopt the NFW profile (top panel) and Moore profile (bottom
panel). Data points are taken from the Fermi result [153].

– 64 –

Figure 3.4: Same as Fig. 3.2, but for the final state τ+τ−.

– 36 –

Figure 5.18: Same as Fig. 5.16, but for the τ+τ− mode.

Figure 5.19: Same as Fig. 5.16, but for the W+W− mode.

– 90 –

Figure 5.6: Same as Fig. 5.4, but for τ−τ+. DM parameters are those used in model (b) in
Table. 3.3. “Left” lines assume DM annihilation into ντ ν̄τ with same rate as τ−

L τ+
R . “Right” lines

assume DM annihilation only into τ−
R τ+

L .

Figure 5.7: Same as Fig. 5.4, but for W−W+. DM parameters are those used in model (b) in
Table. 3.3.

– 79 –

ガンマ線 陽電子

ニュートリノ
（銀河中心）

ニュートリノ
（銀河系外）様々な宇宙線 

観測データから 
暗黒物質模型に 
対して制限が付く

[K.Nakayama, PhD thesis]

適当な質量・断面積を 
仮定した場合の予言



宇宙論・天体物理からの制限
宇宙背景放射

初期宇宙での暗黒物質の対消滅
水素, ヘリウムの再結合を阻害

[Kawasaki, Nakatsuka, Nakayama, Sekiguchi (2021)]

Figure 3: (Top) TT spectrum of the CMB anisotropy. The black solid line shows the
WMAP5 best fit curve without dark matter annihilation. Also shown are the cases of
dark matter with annihilation cross section 〈σv〉e+e− = 10−24 and 5 × 10−24 cm3s−1 with
mass of mχ =1 TeV. (Middle) The same, but for TE spectrum. (Bottom) The same, but
for EE spectrum.

8

[Kanzaki, Kawasaki, Nakayama (2009)]
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FIG. 6. CMB constraints on the annihilation cross section for four DM annihilation channels. We

plot the 95% exclusion contours of h�vi, which represent the same contours in Fig. 5.

and obtain constraints on the annihilation cross section from the CMB power spectrum. We

have improved our previous calculation [33] on the following points: we have updated the

observational data set including the Planck 2018 result [35], carefully included the helium

interactions, fixed the incorrect simplification on some interactions, and improve the preci-

sion of each calculation. Although it was pointed out in [8, 52] that the helium interaction

in the shower process does not much change the constraints on DM annihilation cross sec-

tion, the introduction of helium interaction improves the reliability of our code, and the

consistent treatment of the shower process will become important for the other application

of the energy injection into the thermal plasma.

Our calculation of the electromagnetic shower process is comparable to that in Ref. [9]

and our method is simpler. While in Ref. [9] the shower process is separately calculated

by di↵erent codes for the low/high energy region, our code can consistently calculate the

shower process in both high and low energy regions without unnecessary assumptions. We

use the recursive method by separating the “discrete” and “continuous” interactions, where

the scattered particle loses larger (smaller) energy than the size of energy bin �E in discrete

(continuous) interactions. Our results are fairly consistent with the results of Ref. [9] for the

e+e� channel. We also confirm that our calculation reproduces the Monte Carlo calculation

on the electromagnetic shower of particle scattering given in Ref. [36]. Our results are

19

宇宙背景放射観測
から排除

高エネルギー光子・電子
宇宙背景放射に影響

[Padmanabhan, Finkbeiner (2005)]



太陽からのニュートリノ

宇宙論・天体物理からの制限

暗黒物質はたまに太陽の中の水素と散乱して
エネルギーを失い太陽内部に溜まっていく
溜まった暗黒物質は対消滅してニュートリノを出す

<latexit sha1_base64="hprXbtHtZUFmo7qk3nhUemgEZFs="></latexit>⌫

中性子星のheating

Super-Kamiokande, IceCubeなどから強い制限

暗黒物質の対消滅が中性子星を温める
中性子星の温度に下限が与えられる
低い温度の中性子星が見つかれば、断面積に上限が与えられる

Fujiwara, Hamaguchi, Nagata, Zheng (2022)]
[Kouvaris (2008), Baryakhtar et al. (2017),



2. 暗黒物質の様々な検証方法

2-1. WIMP暗黒物質

2-2. アクシオン暗黒物質



アクシオン/ダークフォトン暗黒物質
典型的なアクシオン/ダークフォトン暗黒物質：

<latexit sha1_base64="IF2Ep8VIxoXFd/nqmNetjPDwXWc="></latexit>

m ⌧ 1 eV

質量が軽い 数密度が大きい 「波」のように振る舞う

重 軽
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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
ダークフォトン暗黒物質：
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~H(~x, t) = ~H0 cos(m(t� ~v · ~x))



アクシオン暗黒物質 直接探索
Axion haloscope
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磁場の下でアクシオンは光子に変換する

[Sikivie (1983)]

<latexit sha1_base64="0/zdxMrJSK/iPDfoa9FeNMkJWDA="></latexit>

~B0

Axion Photon
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⇤ ~E = ga� ä ~B0

Cavity 周波数とアクシオン質量が 
等しいとき、共鳴が起こる

Cavity
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a ' a0 cos(mt)

周波数をスキャンすることで、 
広いアクシオン質量領域を探索
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Figure 1. A (gapped) toroidal geometry to generate a static
magnetic field B0. The dashed red circle shows the location
of the superconducting pickup loop of radius r  R. The gap
ensures a return path for the Meissner screening current; see
discussion in main text.

(KSVZ model [19, 20]). Thus, in the presence of a static
magnetic background B0, there is an axion-sourced ef-
fective current

Je↵ = ga��
p
2⇢DM cos(mat)B0. (5)

This e↵ective current then sources a real magnetic field,
oscillating at frequency ma, that is perpendicular to B0.

Our proposed design is shown schematically in Fig. 1.
The static magnetic field B0 is generated by a constant
current in a superconducting wire wrapping a toroid, and
the axion e↵ective current is detected with a supercon-
ducting pickup loop in the toroid hole. In the absence of
axion DM (or noise), there is no magnetic flux through
the pickup loop. With axion DM, there will be an os-
cillating magnetic flux through the pickup loop propor-
tional to

p
⇢DM. This design is inspired by cryogenic cur-

rent comparators (CCCs) [21], which are used for mea-
suring real currents. The key di↵erence here is the static
external field B0, which generates an e↵ective electric
current in the presence of axion DM instead of the real
current in the case of the CCC.

In a real implementation of both designs, the signal
flux is actually sourced by a Meissner current which re-
turns along the outside surface of a gapped toroid. The
size of the gap is not crucial for our analysis, but must
be su�ciently large that parasitic capacitance e↵ects do
not generate a displacement current, which might shunt
the Meissner return current and reduce the induced sig-
nal B-field. For wires of diameter 1 mm and a meter-
sized toroid, a gap of a few millimeters allows unscreened
currents up to the frequency at which the magnetoqua-
sistatic approximation breaks down and displacement
currents are unavoidable. In what follows, we will es-
timate our sensitivity using the axion e↵ective current
which is correct up to O(1) geometric factors.

We consider two distinct circuits for reading out the
signal, both based on a superconducting quantum in-

Figure 2. Anticipated reach in the ga�� vs. ma plane for
the broadband (Broad) and resonant (Res) strategies. The
benchmark parameters are T = 0.1 K, r = a = R = h/3
(see Fig. 1), and Lp = Lmin ⇡ ⇡R2/h. The total measure-
ment time for both strategies is t = 1 yr, where the resonant
experiment scans from 1 Hz to 100 MHz. The expected pa-
rameters for the QCD axion are shown in shaded red, with
the corresponding decay constant fa inset at bottom right.
The projected sensitivities of IAXO [41] and ADMX [14] are
shown shaded in light green. Published limits from ADMX
[13] are shown in gray.

terference device (SQUID). The broadband circuit uses
a untuned magnetometer in an ideally zero-resistance
setup, while the resonant circuit uses a tuned magne-
tometer with irreducible resistance. Both readout cir-
cuits can probe multiple orders of magnitude in the axion
DM parameter space, though the broadband approach
has increased sensitivity at low axion masses.
A related proposal, utilizing the axion e↵ective current,

was put forth recently by Ref. [22] (see also Ref. [23] for a
preliminary proposal and Ref. [24] for a similar design for
detecting dark photon DM). That design was based on
a solenoidal magnetic field, with the pickup loop located
inside of the solenoid, and focused on resonant readout
using an LC circuit. The design presented here o↵ers a
few advantages. First, the toroidal geometry significantly
reduces fringe fields compared to a solenoidal geometry.
Second, the pickup loop is located in an ideally zero-
field region, outside of the toroidal magnetic field B0,
which should help reduce flux noise. Third, as we will
show, broadband readout has significant advantages over
resonant readout at low axion masses. Our proposal is
complementary to the recently proposed CASPEr exper-
iment [25], which probes a similar range of axion masses
but measures the coupling to nuclear electric dipole mo-
ments rather than the coupling to QED. See Refs. [26–40]
for other proposals to detect axion DM.
For concreteness, our sensitivity studies are based on

[Kahn, Safdi, Thaler (2016)]
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Figure 1. A (gapped) toroidal geometry to generate a static
magnetic field B0. The dashed red circle shows the location
of the superconducting pickup loop of radius r  R. The gap
ensures a return path for the Meissner screening current; see
discussion in main text.

(KSVZ model [19, 20]). Thus, in the presence of a static
magnetic background B0, there is an axion-sourced ef-
fective current

Je↵ = ga��
p
2⇢DM cos(mat)B0. (5)

This e↵ective current then sources a real magnetic field,
oscillating at frequency ma, that is perpendicular to B0.

Our proposed design is shown schematically in Fig. 1.
The static magnetic field B0 is generated by a constant
current in a superconducting wire wrapping a toroid, and
the axion e↵ective current is detected with a supercon-
ducting pickup loop in the toroid hole. In the absence of
axion DM (or noise), there is no magnetic flux through
the pickup loop. With axion DM, there will be an os-
cillating magnetic flux through the pickup loop propor-
tional to

p
⇢DM. This design is inspired by cryogenic cur-

rent comparators (CCCs) [21], which are used for mea-
suring real currents. The key di↵erence here is the static
external field B0, which generates an e↵ective electric
current in the presence of axion DM instead of the real
current in the case of the CCC.

In a real implementation of both designs, the signal
flux is actually sourced by a Meissner current which re-
turns along the outside surface of a gapped toroid. The
size of the gap is not crucial for our analysis, but must
be su�ciently large that parasitic capacitance e↵ects do
not generate a displacement current, which might shunt
the Meissner return current and reduce the induced sig-
nal B-field. For wires of diameter 1 mm and a meter-
sized toroid, a gap of a few millimeters allows unscreened
currents up to the frequency at which the magnetoqua-
sistatic approximation breaks down and displacement
currents are unavoidable. In what follows, we will es-
timate our sensitivity using the axion e↵ective current
which is correct up to O(1) geometric factors.

We consider two distinct circuits for reading out the
signal, both based on a superconducting quantum in-

Figure 2. Anticipated reach in the ga�� vs. ma plane for
the broadband (Broad) and resonant (Res) strategies. The
benchmark parameters are T = 0.1 K, r = a = R = h/3
(see Fig. 1), and Lp = Lmin ⇡ ⇡R2/h. The total measure-
ment time for both strategies is t = 1 yr, where the resonant
experiment scans from 1 Hz to 100 MHz. The expected pa-
rameters for the QCD axion are shown in shaded red, with
the corresponding decay constant fa inset at bottom right.
The projected sensitivities of IAXO [41] and ADMX [14] are
shown shaded in light green. Published limits from ADMX
[13] are shown in gray.

terference device (SQUID). The broadband circuit uses
a untuned magnetometer in an ideally zero-resistance
setup, while the resonant circuit uses a tuned magne-
tometer with irreducible resistance. Both readout cir-
cuits can probe multiple orders of magnitude in the axion
DM parameter space, though the broadband approach
has increased sensitivity at low axion masses.
A related proposal, utilizing the axion e↵ective current,

was put forth recently by Ref. [22] (see also Ref. [23] for a
preliminary proposal and Ref. [24] for a similar design for
detecting dark photon DM). That design was based on
a solenoidal magnetic field, with the pickup loop located
inside of the solenoid, and focused on resonant readout
using an LC circuit. The design presented here o↵ers a
few advantages. First, the toroidal geometry significantly
reduces fringe fields compared to a solenoidal geometry.
Second, the pickup loop is located in an ideally zero-
field region, outside of the toroidal magnetic field B0,
which should help reduce flux noise. Third, as we will
show, broadband readout has significant advantages over
resonant readout at low axion masses. Our proposal is
complementary to the recently proposed CASPEr exper-
iment [25], which probes a similar range of axion masses
but measures the coupling to nuclear electric dipole mo-
ments rather than the coupling to QED. See Refs. [26–40]
for other proposals to detect axion DM.
For concreteness, our sensitivity studies are based on

アクシオンが振動磁場を励起

[Budker et al. (2013)]
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FIG. 1: Geometry of the experiment. The applied magnetic field ~Bext is colinear with the sample magnetization, ~M . The
e↵ective electric field in the crystal ~E⇤ is perpendicular to ~Bext. The SQUID pickup loop is arranged to measure the transverse
magnetization of the sample.

schemes have been shown to suppress broadening due to chemical shifts and increase T2 substantially [51]. T2 in
excess of 10 s or even 1000 s has been achieved in other materials, for example [51, 53, 54].

A material with a crystal structure with broken inversion symmetry at the site of the high-Z atoms is necessary
for generation of a large e↵ective electric field E⇤, which is proportional to the displacement of the heavy atom from
the centro-symmetric position in the unit cell [39]. In a ferroelectric, this displacement can be switched by an applied
voltage, however, given the oscillating nature of the ALP-induced signal, it may not be necessary to modulate this
displacement, in which case any polar crystal can be used. For ferroelectric PbTiO3, the e↵ective electric field is
E⇤

⇡ 3 ⇥ 108 V/cm [41]. For other materials, where polarization is permanent, this may be higher by a factor of a
few. A detailed discussion of the requirements for the sample material is in the Supplemental Materials.

The measurement procedure is as follows. The sample is repolarized after every time interval T1. Then the
applied magnetic field is set to a fixed value, which must be controlled to a precision equal to the fractional width
of the resonance. The magnetic field value determines the ALP frequency to which the experiment is sensitive. The
transverse magnetization is measured as a function of time with fixed applied magnetic field. We call a measurement
at a given value of magnetic field “a shot.” The total integration time at any one magnetic field value, tshot, is set
by the requirement that an O(1) range of frequencies is scanned in 3 years. If T2 is longer than the ALP coherence

time ⌧a, then when searching at frequency ma
c2

~ the width of the frequency band is ⇡ 10�6 ma
c2

~ . If T2 is shorter

than ⌧a then the width of the frequency band is ⇠ ⇡
T2
. Thus we take tshot =

10
8
s

min(106,
mac2T2

⇡~ )

. Using the magnetization

measurements taken over tshot the power in the relevant frequency band around 2µBext

~ is found. The applied magnetic
field is then changed to the next frequency bin and the procedure is repeated. The signal of an ALP would be excess
power in a range of magnetic fields (ALP frequencies). If multiple ALPs existed they would appear as multiple spikes
at di↵erent frequencies.

Note that at the lowest frequencies . T�1

2
the resonance is broadened significantly so that an O(1) range of

frequencies is covered in any given frequency bin. In this regime one may use any of the established techniques
searching for static nuclear EDMs but with short sampling times . ~

mac2
, then look for an oscillating signal in the

data.
This search for a time varying EDM is substantially di↵erent from searches for a static EDM using solid state

systems. In searching for a static EDM, it is necessary to separate the energy shift induced by the EDM from other
systematic e↵ects. This is accomplished by searching for energy shifts that modulate linearly with the applied electric
field in the sample. However, the modulation of the electric field can induce additional systematic shifts in the system
that occur at that modulation frequency, competing with the static EDM signal [49]. This is not the case for a time
varying EDM. The ALP induced EDM oscillates at a frequency set by fundamental physics and leads to observable
e↵ects in a system whose parameters are static. The time variation provides the handle necessary to separate this
signal from other systematic energy shifts and the signal can be detected without the need for additional handles such
as electric field reversals. This eliminates the systematic problems encountered by solid state static EDM searches
such as the dissipation e↵ects in the solid material associated with electric field reversals [49].

アクシオン暗黒物質が
核スピンの歳差運動を励起
（~核磁気共鳴）
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FIG. 1. Experimental setup. (a) The sample was a cylindrical ferroelectric PMN-PT crystal with diameter 0.46 cm
and thickness 0.50 cm. It was electrically polarized along the cylinder axis, indicated with the black arrow. The
pickup coil and the cancellation coil were coaxial with the crystal, and the axis of the Helmholtz excitation coil
was orthogonal. The vertical leading magnetic field B0 set the direction of the equilibrium spin polarization.
Coils were supported by G-10 fiberglass cylinders shown in gray and pink. (b) Electrical schematic, showing
the excitation and pickup circuits. Excitation pulses generated with the digital-to-analog converter (DAC) were
amplified (Ae), and coupled to the excitation coil via a tuned tank circuit that included matching and tuning
capacitors, as well as a resistor to set the circuit quality factor. The pickup probe was also designed as a tuned
tank circuit, coupling the voltage induced in the pickup coil to a low-noise cryogenic amplifier (A1), whose output
was filtered, further amplified, and digitized with an analog-to-digital converter (ADC). (c) Pulsed NMR sequence
used for FID measurements. The spin-ensemble equilibrium magnetization, initially parallel to B0, was tilted into
the transverse plane by the excitation pulse. The FID signal was recorded after the excitation pulse, as the
magnetization precessed and its transverse component decayed.

mass, which can be in a broad range, roughly be-
tween 10−21 eV and 10−3 eV [12–14]. The field
amplitude a0 is fixed by the assumption that
it dominates the dark matter energy density:
ρDM = m2

aa2
0/2 ≈ 3.6 × 10−42 GeV4 [15, 16]. Ki-

netic energy of the axion-like dark matter field in-
troduces small corrections to its frequency spec-
trum. The standard halo model predicts the
spectral shape with linewidth (v2

0/c2)νa ≈ 10−6νa,
where v0 ≈ 220 km/s is the circular rotation speed
of the Milky Way galaxy at the Sun’s location [17,
18].

Experimental searches for axion-like particles
rely on symmetry arguments about the nature
of their interactions with Standard Model parti-
cles [7, 16, 19, 20]. These interactions are sup-
pressed by a large energy scale, set by the decay
constant fa, which could lie near the grand uni-
fication, or the Planck scale [21]. Most exper-
iments to date have focused on the electromag-
netic interaction, which can mix photons with ax-
ions and ALPs in the presence of a strong mag-
netic field [22–32]. The Cosmic Axion Spin Pre-
cession Experiments (CASPEr) search for different
interactions: the electric dipole moment (EDM)
interaction and the gradient interaction with nu-

clear spin I [19, 33–37]. The gradient interac-
tion Hamiltonian is HaNN = gaNN∇a · I, where
gaNN is the coupling strength. The EDM inter-
action arises from the defining coupling of the ax-
ion to the gluon field [38]. Its Hamiltonian can
be written as HEDM = gdaE∗ · I/I , where gd is
the coupling strength and E∗ is an effective elec-
tric field [19]. This interaction is equivalent to
that of a parity- and time-reversal-violating os-
cillating EDM, given by d = gda0 cos (ωat). This
corresponds to an oscillating QCD θ parame-
ter: θ(t) = (a0/fa) cos (ωat), with gd inversely pro-
portional to fa [16, 39]. The EDM coupling
generates axion mass, and for the QCD axion
ma ≈ Λ2

QCD/fa, where ΛQCD ≈ 200 MeV is the
QCD confinement scale [16, 40].

The sensitivity of static EDM experiments to
the oscillating EDM is suppressed, although data
re-analysis has produced limits at low frequen-
cies [41, 42]. Astrophysical constraints can be de-
rived by analyzing the cooling dynamics of the su-
pernova SN1987A [16, 43]. Constraints can also be
extracted from analysis of 4He production during
Big Bang nucleosynthesis [44] and from analysis of
black hole superradiance [45]. CASPEr-electric is
a direct, model-independent search for the EDM

2

In this Letter, we present first results from
ABRACADABRA-10 cm, probing the axion-photon
coupling ga�� for ADM in the frequency range
f 2 [75 kHz, 2MHz], corresponding to axion masses
ma 2 [3.1 ⇥ 10�10, 8.3 ⇥ 10�9] eV. This mass range is
highly motivated for QCD axions, where the axion decay
constant lies near the GUT scale and is easily compati-
ble with pre-inflationary Peccei-Quinn (PQ) breaking in
a variety of models, including grand unified theories [16]
or string compactifications [17, 18], and such low-mass
axions may be favored anthropically [19]. Additionally,
such light ALPs may explain the previously-observed
transparency anomaly of the Universe to TeV gamma-
rays [20–23], though in this case the ALP is not required
to be DM. Recently, this mass range has gathered sig-
nificant experimental interest [11, 12, 24–28] to name a
few, or see [29] for a comprehensive review. Furthermore,
this mass range is highly complementary to that probed
by the ADMX experiment [30–32], HAYSTAC [33], and
other microwave cavity experiments [34–36], which probe
ma ⇠ 10�6�10�5 eV. Our result represents the most sen-
sitive laboratory search for ADM below 1µeV, is compet-
itive with leading astrophysical constraints from CAST
[37], and probes a region where low-mass ALPs which
can accommodate all the DM of the universe without
overclosure [38–42], as well as particular models of QCD
axions with enhanced photon couplings [43, 44]. Aside
from the ALP models currently being probed, this result
is a crucial first step towards a larger-scale version of
ABRACADABRA sensitive to the smaller values of ga��
relevant for the typical QCD axion models in the mass
range where axions can probe GUT-scale physics.

MAGNET AND CRYOGENIC SETUP

ABRACADABRA-10 cm consists of a superconducting
persistent toroidal magnet produced by Superconducting
Systems Inc. [45] with a minimum inner radius of 3 cm, a
maximum outer radius of 6 cm, and a maximum height of
12 cm. The toroidal magnet is counter-wound to cancel
azimuthal currents; see [13] for details. We operate the
magnet in a persistent field mode with a current of 121A,
producing a maximum field of 1T at the inner radius. We
confirmed this field with a Hall sensor to a precision of
⇠ 1%. Due to the toroidal geometry of the magnet, the
field in the center should be close to zero (in the absence
of an axion signal).

To reduce AC magnetic field noise, we use both mag-
netic shielding and vibrational isolation. The toroid is
mounted in a G10 support inside a tin-coated copper shell
which acts as a magnetic shield below 3.7K, when the tin
coating becomes superconducting. The toroid/shield as-
sembly is thermalized to the coldest stage of an Oxford
Instruments Triton 400 dilution refrigerator and cooled
to an operating temperature of ⇠ 1.2K. The weight of

FIG. 1. Left: Rendering of the ABRACADABRA-10 cm
setup. The primary magnetic field is driven by 1,280 super-
conducting windings around a POM support frame (green).
The axion-induced field is measured by a superconducting
pickup loop mounted on a PTFE support (white). A second
superconducting loop runs through the volume of the magnet
to produce a calibration signal. All of this is mounted inside a
superconducting shield. Right: Picture of the exposed toroid
during assembly.

the shield and magnet is supported by a Kevlar string
which runs ⇠2m to a spring attached to the top of the
cryostat. This reduces the mechanical coupling and vi-
bration between the detector and cryostat.
We measure AC magnetic flux in the center of the

toroid with a solid NbTi superconducting pickup loop of
radius 2.0 cm and wire diameter 1mm. The induced cur-
rent on this pickup loop is carried away from the magnet
through ⇠ 50 cm of 75µm solid NbTi twisted pair read-
out wire up to a Magnicon two-stage SQUID current sen-
sor. The 75µm wire is shielded by superconducting lead
produced according to [46]. The majority of the 1mm
wire is inside the superconducting shielding of the mag-
net, but about 15 cm is only shielded by stainless steel
mesh sleeve outside the shield.
The two-stage Magnicon SQUID current sensor is op-

timized for operation at < 1K; we operate it at 870mK.
The input inductance of the SQUID is Lin ⇡ 150 nH and
the inductance of the pickup loop is Lp ⇡ 100 nH. The
SQUID is operated with a flux-lock feedback loop (FLL)
to linearize the output, which limits the signal band-
width to ⇡ 6MHz. We read out the signal with an
AlazarTech ATS9870 8-bit digitizer, covering a voltage
range of ±40mV. The digitizer is clocked to a Stanford
Research Systems FS725 Rb frequency standard. In or-
der to fit the signal into the range of our digitizer, we
filter the signal through a 10 kHz high-pass filter and a
1.9MHz anti-aliasing filter before sending it to the digi-
tizer.
To calibrate the detector, we run a superconducting

wire through the volume of the toroid at a radius of
4.5 cm into which we can inject an AC current to gen-
erate a field in the pickup loop, similar to what we ex-

[Ouellet et al. (2018)][Aybas et al. (2021)]
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Figure 2 | Self-Calibrated Mosaics. a, GOODS-S SelfCal mosaics for each band. We astromet-
rically align each map and crop the outer regions so as to include only sections that have been
observed in all five bands. The units of the maps are nW m�2 sr�1. b, the same as a except
with the source mask applied. c shows the fast fourier transform (FFT) of each of the maps in b,
which is what is used to measure the angular power spectrum. This is plotted in Fourier space as
a function of modes `x and `y. The FFT of each map is structureless and contains only Gaussian
noise, which is indicative of high quality mosaics. By definition, the units of the FFT are the same
as the units of the map. Each column is filter specific, plotted as 0.606 µm, 0.775 µm, 0.850 µm,
1.25 µm and 1.60 µm.
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Figure 3: Same figure as Fig. 2 but we assume the ALP is the dominant cold DM, i.e.

R = 1, q� = 2 and the constraint on �̂ is translated into the ALP-photon coupling with

Eq. (3). Also shown by the black region is the bound from the horizontal branch-star

cooling [60–65].

velocity than the escape velocity of a DM halo, the magnitude of the anisotropy on

small scales is reduced [41].7 As a simple scenario, we may consider the case that � is

thermalized in the very early Universe. Assuming that � is a real scalar, we obtain the

corresponding e↵ective number of neutrino species �Ne↵ ⇠ 0.027(106.75/gdec? )4/3, with

g
dec
? being the relativistic degrees of freedom at the decoupling of � production. This

scalar contributes to a fraction of the DM as a hot DM component, and the cosmological

bound on such a hot relic reads m� . 10 eV for gdec? = O(100).

• Two step decay of �: Cold � decays to lighter mediator particles �i, and then the

mediator decay into particles including a photon,

� !
X

i

�i ! q� ⇥ � + x. (27)

7Given the 5 � Hubble tension, the bound on the hot DM may be di↵erent, c.f. the inflationary sce-

narios for explaining unusual primordial density perturbation required from various models for the Hubble

tension [71,72] (See also [73,74] for the discussion to obtain ns ⇠ 1 in order to alleviate the Hubble tension.)

10

[Nakayama, Yin (2022)]



アクシオン-光子結合に対する制限
<latexit sha1_base64="VVYJa8UCXNEfOGO1tVKeESpBDvM="></latexit>

L = �ga�
4

aFµ⌫
eFµ⌫

[“AxionLimits”, C.O’Hare, 

https://cajohare.github.io/AxionLimits/]



ダークフォトン結合定数に対する制限
<latexit sha1_base64="LwyO9chcA+dIZbXzYtUHdTBDkxY="></latexit>

L =
✏

2
Fµ⌫H

µ⌫

[“AxionLimits”, C.O’Hare, 

https://cajohare.github.io/AxionLimits/]



Figure 4: Same as Fig 3 but e = 0.01.

The vertical dotted line corresponds to mA` = 1 and thus the loop collapse is suppressed
in the right side of this line. Note that the typical initial size of the loop decoupled from
the network is roughly the Hubble length, i.e. ` ⇠ `H . Hence the number of small loops
cannot increase e�ciently for `H > m

�1
A

as one can clearly see in the local string case
with e = 1 (top panels). This is in contrast to the near-global string case, i.e. e = 0.01
(bottom panels), where plenty of small loops are observed. In that case, smaller loops are
more abundant because the simulation box has more Hubble patches and thus more initial
Hubble-size loops are produced at earlier times. Note that total number of strings decreases
with time in any case because the number of independent Hubble patches in a simulation
box decreases due to the cosmic expansion.

Let us consider the dark photon emission from the network of cosmic strings. In the
Abelian-Higgs model, the equivalence theorem tells us that the Nambu-Goldstone mode (i.e.
the phase component) of the complex scalar field may be regarded as the longitudinal mode
of the gauge field after the symmetry breaking in the relativistic limit. Thus the energy
density of the longitudinal dark photon (denoted by the superscript (L)) can be obtained
by the sum of the kinetic energy of the phase component of the complex scalar field and the
longitudinal component of the dark electric field as follows,3

⇢
(L)
A

=
|�|2
v2

"
2

a2

✓
Im(�⇤�0)

|�|

◆2

+
1

a4

⇣
E

(L)
i

⌘2
#
. (10)

In order to screen the cosmic string and extract only the contribution of the free dark photon,
the factor |�|/v is multiplied as in the axion string case [40,47]. Namely, |�|/v ' 0 near the
cosmic sting and |�|/v = 1 far from the string core. Note that the gradient term is highly
contaminated by the cosmic string especially in the near-global string case (i.e. e ⌧ 1), so the
inclusion the gradient term may cause the overestimate of the free dark photon abundance.

3
Here we have imposed the gauge condition with A0 = 0 (temporal gauge). Without the gauge fixing,

the time derivative of � is replaced with the covariant derivative and thus this quantity is gauge-invariant.
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重力波とダークフォトン暗黒物質

global strings, one may expect that the production of the longitudinal vector boson should
be similar to the axion thanks to the Goldstone boson equivalence theorem if the momentum
is high enough. We will reveal it by an explicit calculation.

Another main purpose of this paper is to estimate the gravitational wave (GW) back-
ground spectrum in the cosmic string scenario for the dark photon DM. The estimation of
GW background from the cosmic strings, in particular from cosmic string loops, have been
done in many works mostly in the case of local strings [49–64]. Recently GWs from global
string have been calculated in connection with the recent development of the global string
simulation with the improved scaling properties [65, 66]. The inclusion of axion or vector
boson (dark photon) emission drastically a↵ects the resulting GW spectrum, since the most
energy of string loops goes to the axion or dark photon emission while only tiny fraction of
the loop energy is consumed as GW emission.2 Even more complexity arises when the dark
photon is light but has finite mass. In such a case, loops longer than some threshold cannot
emit dark photon while shorter ones can emit it. Thus the cosmic strings in this scenario will
be a mixture of “local-type” and “global-type” strings. Such nontrivial structures should be
imprinted in the shape of the GW spectrum. Ref. [18] already pointed out such a possibility,
but detailed calculations have not been performed. We show explicitly the GW spectrum as
a probe of the dark photon DM scenario.

This paper is organized as follows. In Sec. 2 we perform a three-dimensional lattice
simulation of the local strings with light dark photon. In Sec. 3 we estimate the GW
background from the cosmic string loops in the dark photon DM scenario. In Sec. 4 we give
conclusions and discussion.

2 Simulation of Abelian-Higgs string networks

In this section, we numerically show the evolution of Abelian-Higgs string networks with
both local-type and near-global-type cases. First, we focus on the scaling behavior for the
cosmic string length. Then, we show the emission of dark photons from the string network.

2.1 Model

Let us consider the Abelian-Higgs model in the hidden sector with the dark U(1) gauge
symmetry given by the following Lagrangian,

L = (Dµ�)
⇤
D

µ�� 1

4
Fµ⌫F

µ⌫ � �

4
(|�|2 � v

2)2, (1)

where � is the dark Higgs field, Dµ = @µ� ieAµ is the covariant derivative operator with Aµ

being the dark photon field, Fµ⌫ = @µA⌫ � @⌫Aµ is the field strength tensor, e, � and v are

2
The cusps on the string loops may also emit high-energy particles [67,68]. See also Refs. [69–71] where e�-

cient dark photon/Higgs emission from local-type strings has also been reported. Phenomenology/cosmology

of cosmic strings due to heavy particle radiation have been discussed in Refs. [72–77].

2

ダークヒッグス場により

初期宇宙で自発的対称性の破れ

位相欠陥 (cosmic string) の生成
Cosmic string がダークフォトンを生成 [Long, Wang (2019)]

Cosmic string は同時に重力波も生成

ダークフォトンが質量を持つ



[Kitajima, Nakayama (2022)]

背景重力波スペクトル

重力波でダークフォトン暗黒物質シナリオの一つを検証可能
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Figure 9: GW spectrum from cosmic strings in the dark photon DM scenario, compared with
current and future sensitivities of various experiments. Three theoretical lines correspond to
benchmark points in which correct dark photon DM abundance is obtained: (a) (v,mA) =
(1014 GeV, 10�14 eV), (b) (1013 GeV, 10�10 eV), (c) (1012 GeV, 10�5 eV).

It is seen that v � 1012GeV or mA ⌧ 10�5 eV is already excluded by the pulsar timing
constraints. However, one should note that there may be several orders-of-magnitude un-
certainties on the GW spectrum, especially from the log dependence of the string tension
and ⇠ parameter and also the loop abundance and such uncertainties significantly a↵ect the
resulting constraint on the symmetry breaking scale v and the dark photon mass mA. For
example, if the GW spectrum is reduced by one order of magnitude due to these uncertain-
ties, mA ⇠ 10�10 may be allowed. Thus we need more accurate theoretical calculations to
derive precise constraint. In any case, future space laser-interferometers such as LISA and
DECIGO/BBO, ground-based detectors such as ET and also the radio wave observations of
pulsars by SKA have good chances to detect GWs from cosmic strings in the dark photon
DM scenario.

19

パルサータイミング

宇宙重力波干渉系
地上重力波検出器
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(v,m) =

(a) : (1014 GeV, 10�14 eV)

(b) : (1013 GeV, 10�10 eV)

(c) : (1012 GeV, 10�5 eV)



いろんな種類の暗黒物質に対して、
いろんな観測方法が考案されている

これまでの手法をさらに突き詰める
新しいアイデアを考える

先に進むには

この後は、最近のアイデア（のごく一部）を紹介します



3. 暗黒物質検出と物性物理



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,
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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. 
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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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! =
p

c2k2 +m2

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ような原理）

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)]
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FIG. 2. (Reproduced from Refs. [10, 68].) 95 % C.L. projected constraints on scalar (left), pseudoscalar
(center), and vector (right) DM models assuming no background and a kg-year exposure.

Edelweiss, DAMIC, CDEX). The DM interaction rate not only crucially depends on the band

structure in these targets, but also the electronic wave functions, which act as a form factor

relative to the free-electron calculations. Accurate modelling of these electronic states is crucial for

predictions of scattering and absorption rates for general DM models. In Ref. [9] we dramatically

extended the scope and accuracy of DM-electron scattering rate calculations by including states

below the valence bands, “core” states shown in the left panel of Fig. 1, and states above the

conduction bands, “free” states, as well as including all-electron reconstruction e↵ects which results

in more accurately modelling the high momentum components of the valence electronic states.

Moreover, we included screening e↵ects which can be important for the low momentum, low energy

parts of phase space. Our results for the improved scattering calculation are shown in Fig. 1

relative to the previous best calculation, QEdark, which included unscreened, valence to conduction

transitions without all-electron reconstruction e↵ects.

In addition to advancing the DM-electron scattering rate calculations, in Refs. [10, 68] we

expanded the calculation of DM-electron absorption. In targets with spin degenerate electronic

eigenstates, it has been known that the absorption of vector and pseudoscalar DM can be related

to optical data, which was previously thought to be the case for scalar DM as well. In Ref. [10],

we constructed an NR EFT for DM-electron absorption processes and showed that the scalar DM

absorption rate is dominated by an operator not related to optical data. In addition, in Ref. [68] we

extended this analysis to targets with spin-orbit coupling where only the vector DM can be related

to optical data. Our results are shown in Fig. 2. These analyses show the importance of detailed

first-principles calculations of DM-electron interactions and further extend the theory space that

direct detection experiments can cover. The program computing all of the DM-electron scattering

and absorption rates in general semiconducting and spin-orbit coupled materials, EXCEED-DM [9, 72],

Mitridate et al., 2106.12586

[Mitridate et al. (2021)]

アクシオン暗黒物質の場合 ダークフォトン暗黒物質の場合



フォノンによる暗黒物質の吸収
ギャップエネルギー以下でも光が吸収されることがある

（光学）フォノンを励起

~E
ー ー＋ ＋

格子イオン

典型的なフォノンエネルギー ~ 0.1eV
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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. 
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Figure 3. As figure 2, but the model calculations are with the 14-parameter shell model a ( i i ) .  

0.1eV 程度のダークフォトン暗黒物質検出などに有効



3

products) have typical energy scales that are much larger
than the energies of interest here, and thus are not ex-
pected to be problematic given demonstrated capabilities
for controlling such backgrounds [44]. The dominant re-
maining particle backgrounds in such an experiment are
pp neutrinos, where a few events per kg-year can be ex-
pected [26], and coherent scattering of high-energy pho-
tons [45], which we estimate to be ⇠ 50 events/kg-year
accounting for structure e↵ects. The latter background
can be suppressed to the ⇠ 10�2 level with an active veto
on the hard photon, and so we take the zero background
limit for our projections.

Dark photon absorption. We first consider DM
consisting of nonthermally-produced dark photons with
kinetic mixing given by �F 0

µ⌫F
µ⌫/2, for the mass range

of ⇡ meV - 100 eV. The DM can be detected through
absorption, where all of the mass-energy of the DM goes
into the excitation. The absorption rate can be related to
the optical properties of the material (see Ref. [46, 47]):

R =
1

⇢

⇢DM

mA0
2

e↵
�1. (2)

where �1 is the absorption rate of photons, ⇢ is the mass
density of the target and ⇢DM = 0.3 GeV/cm3 is the local
DM density. e↵ is the in-medium coupling of A0 with
the EM current, obtained by diagonalizing the in-medium
polarization tensors for the photon and dark photon:

2

e↵
=

2m4

A0

[m2

A0 � Re ⇧(!)]
2

+ Im ⇧(!)2
. (3)

⇧(!) = �i�! is the photon polarization tensor in the
q ! 0 limit, valid for absorption processes where |q| ⌧
!. � is the complex optical conductivity. From the opti-
cal theorem, the absorption rate is given by the real part
of the optical conductivity, �1 = � Im⇧(!)

! . Finally, these
quantities are related to the permittivity of a material by
✏̂ = n̂2 = 1+i�/! with n̂ the complex index of refraction.

To determine the reach on the kinetic mixing parame-
ter , we use calculations of the sub-eV absorption coe�-
cient in the T = 0 limit from Ref. [55], supplemented with
the optical conductivity data of Ref. [56] that extends up
to 100 eV. The result is shown in Fig. 2, assuming 3
events for a kg-year exposure. The reach below 100 meV
is obtained from absorption into phonon modes; there is
resonant absorption into the LO phonon at mA0 ⇡ 36
meV, as well as sidebands from multiphonon processes.
The reach for mA0 > eV is due to electron excitations
above the bandgap, considered before in Ref. [51].

DM scattering via ultralight dark photon.

In this case we assume a fermionic DM interaction
gXX�µXA0

µ, in addition to kinetic mixing. Taking the
limit mA0 ⌧ eV, the results are best understood in
the basis where X is e↵ectively millicharged under the
standard model photon with coupling gXX�µXAµ (see
e.g. appendix D of [23]). The interaction of X with an
LO phonon is e↵ectively that of a test charge with elec-
tric charge gX . We can then follow the derivation of
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FIG. 2. Reach for absorption of dark photon DM, in terms
of the kinetic mixing parameter  for kg-year exposure.
Shaded regions are stellar constraints [48, 49], and direct
detection constraints from DAMIC [50], Xenon10 [46, 51],
Xenon100 [51, 52], and CDMSlite [52]. The dotted lines are
the projected reach with an Al superconductor [47], Ge and Si
semiconductors [52], Dirac materials [29] and molecules [53].
See Ref. [51] for absorption on GaAs for mA0 > eV, and
Ref. [54] for the reach of molecular magnets.

the well-known Fröhlich Hamiltonian for interactions of
electrons with LO phonons in the long-wavelength and
isotropic limit [33, 57–59]. These long-range interactions
are important in explaining electron mobility data in po-
lar materials, and have previously been computed for
GaAs in Refs. [60, 61]. To obtain the interaction of DM
with LO phonons in this limit, we rescale the original
Fröhlich Hamiltonian by the electric charge ratio of DM
to electrons, gX/e. This coupling is well-suited to de-
scribe scattering of DM in the keV-MeV mass range, with
corresponding low momentum transfer q . keV. The re-
sulting interaction is

HI = i
gX
e

CF

X

k,q

1

|q|

h
c†qa

†
k�qak � c.c.

i
(4)

where c†q and a†k are phonon and X creation operators,
respectively. The coupling is

CF = e


!LO

2Vcell

✓
1

✏1
� 1

✏0

◆�1/2
, (5)

where e is the electric charge, ✏0 (✏1) is the static (high
frequency) dielectric constant, and Vcell is the primitive
cell volume. For GaAs, ✏0 = 12.9 and ✏1 = 10.88 [34].
The above approximations are expected to break down
for anisotropic crystals, such as sapphire, and for mX & 1
MeV. For these DM masses, the typical momentum
transfer becomes comparable or larger to the inverse in-
terparticle spacing, requiring a description of processes
where phonons are excited outside the first Brillouin
zone. In addition, multiphonon processes are expected

[Knapen, Lin, Pyle, Zurek (2017)]

ダークフォトン暗黒物質の場合
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Figure 1. Projected reach from single phonon excitations (dashed) and electron transitions (solid) for DM scattering mediated
by a kinetically mixed light dark photon (the smallest-gap target InSb su↵ers from slow convergence in the electronic transition
calculation at m� < 1MeV, for which we show results of the two most accurate runs with solid and dotted curves, see
Appendix A 1 for details). Nuclear recoils (not shown) can also probe this model, but the conclusion on which targets are
superior is the same as for the light hadrophilic mediator model. A detector threshold of 1meV is used for the phonon
calculations, and all transitions with energy deposition greater than the band gaps are included in electron excitations. The
freeze-in benchmark is taken from Refs. [12, 80], corrected by including plasmon decay for sub-MeV DM [81]. Stellar constraints
are from Ref. [82] and direct detection constraints are from DAMIC [61], DarkSide-50 [83], SENSEI [62], SuperCDMS [68],
XENON10 [14, 21], and XENON100 [83, 84].2

est optical mode,3

m�,min ⇠ 3 keV

✓
!O

10meV

◆
. (24)

Thus materials having low energy optical phonon modes
are desirable to search for light dark matter; CsI, for
example, has particularly low-lying optical phonon exci-
tations, and its sensitivity to the lightest DM masses is
seen in Fig. 1.
We can also see that at higher masses, single optical

phonon production rates vary widely between materials.
This can be understood analytically. Consider first the

3One has to be careful with this estimate, as the lowest optical mode
is generally not the dominant mode, rather it is the mode which
is most “longitudinal,” or maximizes q · ✏. For simple diatomic
materials, there is one precisely longitudinal mode in the low q
limit, but the same is not true for more complex materials such as
Al2O3, as many gapped modes have a longitudinal component. A
general rule of thumb is that the highest energy optical mode is the
most longitudinal.

simplest case of a diatomic polar crystal (e.g. GaAs).
The dominant contribution to the q integral in Eq. (20)
is well within the 1BZ and therefore we can set G = 0,
Wj ' 0, and g(q,!) / q�1. Approximating Z⇤

j
' Z⇤

j
1,

and noting that Z⇤
1
= �Z⇤

2
⌘ Z⇤, we see that the rate

is dominated by the longitudinal optical (LO) mode, for
which one can show ✏LO,k,1 and ✏LO,k,2 are anti-parallel,
and |✏LO,k,j | =

p
µ12/mj in the limit k ! 0, where µ12 is

the reduced mass of the two ions. Further approximating
the phonon dispersion as constant and "1 ' "1 1, the
rate simplifies to

R /
q4
0

mcell

⇢�
m�

�e

"21!LO

Z⇤2

µ2
�e
µ12

log

✓
m�v20
!LO

◆

/
Z⇤2

A1A2"21

✓
meV

!LO

◆
⌘ Q . (25)

We call Q a quality factor, since it is the combination
of material-specific quantities that determines the direct
detection rate. A higher-Q material has a better reach

[Griffin et al., (2019)]

軽い散乱型の暗黒物質の場合
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マグノンによる暗黒物質の吸収
アクシオン-電子相互作用

[Barbieri et al (1989), Chigusa, Moroi, Nakayama (2020)]

L =
@µa

2f
 �µ�5 

3 Axion conversion into magnon

First, we consider the case of axion DM which interacts with the electron and calculate
the axion-magnon conversion rate. In Ref. [29], a classical calculation was used to estimate
the axion-magnon conversion rate. We take a quantum mechanical method to calculate the
conversion rate and show that it reproduces the result of Ref. [29]. A quantum mechanical
calculation of the conversion rate with a slightly di↵erent manner has been done in Ref. [56]
and the result is also consistent with ours. An advantage of the quantum mechanical cal-
culation is that it is applicable even in the case where only a small number of magnons are
excited during the time scale of our interest. We then apply the same method to the hidden
photon DM.

3.1 Formulation

The axion (denoted by a) is assumed to interact with the electron, as in the DFSZ model [57,
58] or the flaxion/axiflavon [59,60]. The Lagrangian density is

L =
1

2
(@µa)

2
�

1

2
m

2
a
a
2 +  (i/@ �me) +

@µa

2f
 �

µ
�5 , (21)

where  denotes the electron and f is of the order of the Peccei-Quinn symmetry breaking
scale. Then, in the non-relativistic limit of the electron, the total interaction Hamiltonian
of the material is

Hint =
1

f

X

`

~ra(~x`) · ~S`, (22)

where ~S` is the electron spin at each cite ` (see Appendix A).
Below we treat the axion as a classical background described by

a(~x, t) = a0 cos(mat�ma~va · ~x+ �), (23)

with va ⌧ 1. This treatment is valid within the axion coherence time ⌧a ⇠ (mav
2
a
)�1.

Note that maa0 =
p
2⇢DM, with ⇢DM ⇠ 0.3GeV/cm3 being the energy density of DM. In

the following, the location of the ferromagnetic material is chosen to be close to the origin
~x ⇠ 0. Then, the interaction Hamiltonian becomes

Hint =
maa0va

f

X

`

~ev ·
~S` sin(mat+ �), (24)

where ~ev is the unit vector pointing to the direction of ~va. At the first order in the magnon
creation or annihilation operator, we obtain

Hint =
maa0 sin(mat+ �)

f

r
s

2

X

`

⇣
v
�
a
ec` + v

+
a
ec†
`

⌘
= sin(mat+ �)

⇣
V

⇤
c0 + V c

†
0

⌘
, (25)
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✓スピンのゆらぎ＝スピン波 12 Ferromagnetism and Antijerromagnetism 

Figurc 9 A spin wave on a line of spins. (a) The spins viewed in perspective. (b) Spins viewed 
from ahow, showing U I I ~  wavclcngth. The wave is drawn through the ends of the spin vectors. 

Here J is the exchange integral and hSp is the angular ~no~nentum of the 
spin at sitc p .  If we treat the spins Sp as classical vectors, then in the ground 
statc Sp . Spt = SP and the exchange energy of the system is Uo = -2NJS2. 

What is the energy of the first excited state? Consider an excited state with 
one particular spin reversed, as in Fig. 8b. We see from ( 1 2 )  that this increases 
the energy by ~JS', so that U 1  = Uo + 8]s2. Rut we can form an excitation of 
mudl lower energy- i1 we let all the spins share the reversal, as in Fig. 8c. The 
elementary excitations of a spin system have a wavelike form and are called 
maglions (Fig. 9). These are analogous to lattice vibrations or phonons. Spin 
waves are oscillations in the relative orientations of spins on a lattice; lattice vi- 
brations are oscillations in the relative positions of atoms on a lattice. 

We now give a classical derivation of the magnon dispersion relation. The 
terms in ( 1 2 )  which involve the pth spin are 

117e write magnetic mornent at site p as /+ = -gpBSp Then (13) becomes 

which is of the form -pp . Bp, where the effective magnetic field or exchange 
field that acts on the pth spin is 

Fro111 ~llechanics the rate of change of the angular momerltu~n fiSp is equal 
to the torquc pp X Bp which acts on the spin: fi dS,ldt = ~ c ,  X B,,, or 

In Cartesian components 

arid si~~lilarly for dSzMt and dS;ldt. These equations involve products of spin 
components and are nonlinear. 

C. Kittel ”Introduction to Solid State Physics [8th ed]”

✓反強磁性体のHolstein-Primakoff変換
S+

ℓ = 2s − a†
ℓaℓ aℓ

S−
ℓ = a†

ℓ 2s − a†
ℓaℓ

Sz
ℓ = s − a†

ℓaℓ

S+
ℓ′� = b†

ℓ′ � 2s − b†
ℓ′�bℓ′�

S−
ℓ′� = 2s − b†

ℓ′�bℓ′� bℓ′�

Sz
ℓ′� = − s + b†

ℓ′ �bℓ′�
副格子A 副格子B

ポイントはボソンの演算子（マグノン）
とスピンの演算子を結びつけること

[aℓ, a†
m] = δℓm ⇒ [Si

ℓ, Sj
m] = iϵijkSk

ℓδℓm

[bℓ′�, b†
m′�] = δℓ′�m′� ⇒ [Si

ℓ′�, Sj
m′�] = iϵijkSk

ℓ′�δℓ′�m′�

電子スピンの歳差運動を引き起こす
磁性体のスピン波（マグノン）を励起

YIG

wikipedia



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

15

[Chigusa, Moroi, Nakayama (2020)]
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HS. By comparing the two plots of Fig. 1, one can see that
the model appropriately describes the system, allowing
us to extract the linewidths, frequencies and couplings of
the modes through a fit. The typical measured values are
�1 ' 1.9MHz and gcm ' 638MHz, yielding ⌧s ' 84 ns
and Ns ' 1.0⇥ 1021 spins, respectively. Remarkably, the
mode !1 is not altered by other modes, thus we will use
it to search for axion-induced signals. For a fixed B0 the
linewidth of the hybrid mode is the haloscope sensitive
band. By changing B0, we can perform a frequency scan
along the dashed line of Fig. 1.
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FIG. 2: Schematics of the apparatus. The cavity is reported
in orange, the ten YIG spheres are in black, and the blue
shaded region is permeated by a uniform magnetic field. The
cryogenic and room temperature HEMT amplifiers are A1 and
A2, respectively, and the JPA ports are the signal (s), idler (i)
and pump (p). Superconducting cables are brown, the red-
circled T s are the thermometers, SO is a source oscillator, and
attenuators are shown with their reduction factor in dB. As
inset, we show the calibration of the system gain and noise
temperature, obtained by injecting signals in the SO line. The
power injected in the HS is given in terms of an e↵ective
temperature proportional to Acal. The errors are within the
symbol dimension. See text for further details.

The electronic schematics, shown in Fig. 2, consists in
four rf lines used to characterize, calibrate and operate
the haloscope. The HS output power is collected by a
dipole antenna (D1), connected to a manipulator by a
thin steel wire and a system of pulleys to change its cou-
pling. The source oscillator (SO) line is connected to a

weakly coupled antenna (D2) and used to inject signals
into the HS, the Pump line goes to a Josephson paramet-
ric amplifier (JPA), the Readout line amplifies the power
collected by D1, and Aux is an auxiliary line. The Read-
out line is connected to an heterodyne as described in
[35], where an ADC samples the down-converted power
which is then stored for analysis. The JPA is a quan-
tum limited amplifier, with resonance frequency of about
10GHz resulting in a noise temperature of 0.5K. Its gain
is close to 20 dB in a band of order 10MHz, and its work-
ing frequency can be tuned thanks to a small supercon-
ducting coil [44]. Excluding some mode crossings, hybrid
mode and JPA frequencies overlap between 10.2GHz and
10.4GHz, and allow us to scan the corresponding axion
mass range.
The procedure to calibrate all the lines of the setup is:

(i) the transmittivity of the Aux-Readout path KAR is
measured by decoupling D1 or by detuning !1; (ii) for
the Aux-SO and SO-Readout paths, KAS and KSR are
obtained by critically coupling D1 to the mode !1. The
transmittivity of the SO line is KSO '

p
KSRKAS/KAR.

If a signal of power Ain is injected in the SO line,
the fraction of this power getting into the HS results
Acal = AinKSO. Since Acal is a calibrated signal, it can
be used to measure gain and noise temperature of the
Readout line. From this measurement we obtain a sys-
tem noise temperature Tn = 1.0K, and a gain of 70.4 dB
from D1 to Readout (see Fig. 2). In our setup, the cou-
pling of D1 can be varied of 8 dB, thus we estimate a
calibration uncertainty of 16%. We measured the JPA
gain, the HEMTs noise temperature, and the cavity tem-
perature to get the noise budget detailed in Tab. I. The
0.12K di↵erence may be due to unaccounted losses, or
non-precise temperature control.

Source Estimated
Quantum noise 0.50K
Thermal noise 0.12K
HEMTs noise 0.25K

Expected total 0.87K

Measured total Tn 0.99K

TABLE I: Noise budget of the apparatus. The measured noise
is compatible with the estimated one.

To double check the accuracy of the result, we measure
the thermal noise of the HS. The noise di↵erence for !1

on and o↵ the JPA resonance (dark blue and light blue)
gives the noise added by the hybrid mode (orange curve),
as shown in Fig. 3. The excess noise is compatible with
a temperature of the HS ⇠ 10mK higher than the one
of the nearest load, which is realistic. Similar results are
obtained by changing the D1 antenna coupling for a fixed
B0.
The axion search consisted in fifty-six runs, each one

QUAX experiment
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FIG. 4: Exclusion plot at 95% CL on the axion-electron coupling obtained with the present prototype (excluded region reported
in blue and error in light blue), and overview of other searches for the axion-electron interaction. The other results are from
[35] (orange) and [45] (green), while the DFSZ axion line is at about gaee ' 10�15. The inset is a detailed view of the reported
result.
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where gq�m is the coupling strength between the Kittel
mode and the qubit [28, 34–36].

Combining Eqs. (12), (15) and (16), the Hamiltonian
of the hybrid quantum system, including the e↵ective
axion-induced e↵ective magnetic field, is given by

Ĥtot/~ = !mĉ
†ĉ +

⇣
!q �

↵

2

⌘
q̂†q̂ +

↵

2

�
q̂†q̂

�2

+ gq�m(q̂
†ĉ + q̂ ĉ†) + ge↵

�
ĉ†e�i!at + ĉei!at

�
.

(17)

Here,

~ge↵ = 2µB
Ba sin ✓

4

p

N, (18)

is the e↵ective coupling constant between axions and
magnons, which corresponds to the strength of the co-
herent magnon drive.

Let us consider the dispersive regime corresponding
to a detuning �q�m ⌘ !q � !m between the qubit fre-
quency !q and the frequency of the Kittel mode !m. This
is much larger than the coupling strength gq�m such that
the exchange of energy between the two systems is highly
suppressed [28]. For this limit, the total Hamiltonian of
Eq. (17) can be rewritten as

Ĥ
0
tot/~ ' !mĉ

†ĉ +
1

2
!̃q�̂z + �q�mĉ

†ĉ�̂z

+ ge↵
�
ĉ†e�i!at + ĉei!at

�
, (19)

where !̃q = !q + �q�m is the qubit frequency shifted
by the qubit–magnon dispersive shift �q�m, which is de-
scribed by [39].

�q�m '
↵g2q�m

�q�m (�q�m + ↵)
. (20)

The qubit–magnon dispersive shift can also be estimated
numerically by diagonalizing the Hamiltonian of the hy-
brid system [28]. The Hamiltonian of Eq. (19) consid-
ers only the first two states of the qubit through the
Pauli matrices: �̂z = |ei he| � |gi hg|, �̂+ = |ei hg|,
and �̂� = |gi he|. Furthermore, higher order terms in
(gq�m/�q�m) are neglected. The third term on the right-
hand side of Eq. (19) shows that the qubit frequency de-
pends on the magnon occupancy through an interaction
term, which commutes with the Hamiltonian of the Kittel
mode. More specifically, the qubit frequency !̃q shifts by
2�q�m for every magnon in the Kittel mode. Therefore,
measuring the qubit frequency enables one to perform a
QND detection for the magnon number.

E. Qubit spectrum

The qubit frequency can be determined, for example,
by measuring its absorption spectrum

S(!s) = Re


1

p
2⇡

Z 1

0
dt h�̂�(t)�̂+(0)ie

i!st

�
, (21)

Ferrimagnetic
crystal

Superconducting 
qubit

Microwave cavity

!"

!#

$%

S

N

q-meff

FIG. 1. Schematic illustration of the detector. A spheri-
cal ferrimagnetic crystal and a transmon-type superconduct-
ing qubit are coherently coupled through a microwave cav-
ity. The e↵ective magnetic field of the axion DM coher-
ently drives the uniform spin-precession mode (Kittel mode)
in the ferrimagnetic crystal with an e↵ective coupling con-
stant ge↵ . In the strong dispersive regime, each magnon ex-
cited in the Kittel mode shifts the resonance frequency of the
qubit by 2�q�m +�a, where �q�m is the dispersive shift and
�a = !g

m � !a is the detuning between the frequency !a of
the axion-induced e↵ective magnetic field and the frequency
!g
m of the Kittel mode with the qubit in the ground state |gi.

where !s is the spectroscopy frequency [39]. In this sub-
section, an analytical model for the qubit spectrum in
the presence of a dispersive interaction with the Kittel
mode of a ferrimagnetic crystal is provided [28, 39]. For
this purpose, the Hamiltonian of Eq. (19) is transformed
such that the qubit is in a reference frame that rotates
at the spectroscopy frequency !s. Meanwhile, the Kittel
mode is in a reference frame that rotates at the axion
frequency !a. The Hamiltonian of Eq. (19) becomes

Ĥ/~ = (�a + �q�m) ĉ
†ĉ +

1

2
�s�̂z + �q�mĉ

†ĉ�̂z

+ ge↵
�
ĉ† + ĉ

�
+ ⌦s (�̂+ + �̂�) , (22)

where �a = !g
m � !a is the detuning between the fre-

quency !g
m of the Kittel mode with the qubit in the

ground state |gi and the axion frequency !a. In addition,
�s = !̃q � !s is the detuning between the frequency !̃q

of the qubit and the spectroscopy frequency !s. The
amplitudes of the driving terms are given by the e↵ec-
tive coupling constant ge↵ and the Rabi frequency ⌦s,
respectively. Furthermore we have to take into account
noises in the system. Then the Hamiltonian should be
Ĥ+ Ĥnoise, where Ĥnoise represents the dephasing mech-
anisms of the system due to free electromagnetic fields
(reservoir) in the cavity and the environment of the qubit
[39, 40]. Given the Hamiltonian, we can solve the evo-
lution equation for the reduced density matrix with an
appropriate initial condition and obtain the qubit spec-

[Ikeda, Ito, Miuchi, Soda, Kurashige, Shikano (2020)]
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TABLE I. Parameters determined in the experiment. The error ranges indicate the 95% confidence interval.

Parameter Symbol Value
Dressed magnon frequency !g

m/2⇡ 7.94962 GHz

ac-Stark-shifted qubit frequency !
(np=0)
q /2⇡ 7.99156 GHz

Broadened qubit linewidth �
(np=0)
q /2⇡ 0.78 ± 0.03 MHz

Probe cavity-mode linewidth p/2⇡ 3.72 ± 0.03 MHz
Magnon linewidth �m/2⇡ 1.3 ± 0.3 MHz
Qubit–probe-mode dispersive shift �q�p/2⇡ �0.8± 0.2 MHz
Qubit–magnon-mode dispersive shift �q�m/2⇡ 1.5 ± 0.1 MHz
Probe-mode occupancy ng

p 0.22 ± 0.17
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FIG. 3. (a) Measured qubit spectrum S̃(!s) (black dots) and
fit to Eq. (32) (red line). (b) Residuals between the measured
qubit spectrum and the fit. The blue dotted curve shows
the expected residual at the 95%-confidence-level upper limit
(n̄g

m = 0.011) magnified by 10 times.

axion-induced e↵ective magnetic field. From Eqs. (18)
and (30), the 95%-confidence-level upper limit on the am-
plitude of the e↵ective magnetic field atma = 33.123 µeV
can be determined as follows:

Ba sin✓ < 8.2⇥ 10�15 T. (39)

We took the distribution of the axion-induced e↵ective
magnetic field described in Ref. [23–26]. The minimum
sin ✓ value during 4 hours operation is 0.097. From Eq. 5,
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FIG. 4. Constraints on the coupling constant gaee between
axions and electrons. The region excluded by this work
with 95% confidence is shown in red. The mass range is
33.117 µeV < ma < 33.130 µeV. The purple and green
lines are the upper limit from QUAX [24, 26] and G.Flower
et al [25]. Indirect astrophysical bounds from the solar ax-
ion search (CAST experiment [43]), white dwarf cooling [44],
and red giants [45] are illustrated with dashed lines. The ex-
pected coupling constant for the DFSZ model is represented
by a solid line. The orange dashed line shows the predictions
for the future work.

the upper limit of the axion-electron coupling constant is
obtained as

gaee < 2.6⇥ 10�6 , (40)

using the conventional galactic density of DM ⇢DM =
0.45 GeV/cm3 [41] and vtot = 220 km/sec1. The sim-
ilar spectrum fitting was conducted to the range of
33.117 µeV < ma < 33.130 µeV in the same external

1 More precisely, the solar system is moving with a velocity
|vsolar| ⇠ 220 km/s in the Galaxy [42] and we observe the rela-
tive velocity of the axion DM as vtot = vsolar+v. This is further
discussed in Appendix A.



トポロジカル絶縁体

トポロジカル磁性体における “アクシオン”
[Li, Wang, Qi, Zhang (2009)]

[Kane, Mele (2005), Fu, Kane, Mele (2007)]

固体中のアクシオン準粒子

L = ✓
↵e

4⇡
Fµ⌫

eFµ⌫ ✓ = 0

✓ = ⇡

: normal insulator

: topological insulator
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Symmetry d

AZ ⇥ ⌅ ⇧ 1 2 3 4 5 6 7 8

A 0 0 0 0 Z 0 Z 0 Z 0 Z
AIII 0 0 1 Z 0 Z 0 Z 0 Z 0

AI 1 0 0 0 0 0 Z 0 Z2 Z2 Z
BDI 1 1 1 Z 0 0 0 Z 0 Z2 Z2

D 0 1 0 Z2 Z 0 0 0 Z 0 Z2

DIII �1 1 1 Z2 Z2 Z 0 0 0 Z 0

AII �1 0 0 0 Z2 Z2 Z 0 0 0 Z
CII �1 �1 1 Z 0 Z2 Z2 Z 0 0 0

C 0 �1 0 0 Z 0 Z2 Z2 Z 0 0

CI 1 �1 1 0 0 Z 0 Z2 Z2 Z 0

TABLE I Periodic table of topological insulators and super-
conductors. The 10 symmetry classes are labeled using the
notation of Altland and Zirnbauer (1997) (AZ) and are spec-
ified by presence or absence of T symmetry ⇥, particle-hole
symmetry ⌅ and chiral symmetry ⇧ = ⌅⇥. ±1 and 0 denotes
the presence and absence of symmetry, with ±1 specifying
the value of ⇥2 and ⌅2. As a function of symmetry and space
dimensionality, d, the topological classifications (Z, Z2 and 0)
show a regular pattern that repeats when d ! d+ 8.

3. Periodic table

Topological insulators and superconductors fit to-
gether into a rich and elegant mathematical structure
that generalizes the notions of topological band theory
described above (Schnyder, et al., 2008; Kitaev, 2009;
Schnyder, et al., 2009; Ryu, et al., 2010). The classes
of equivalent Hamiltonians are determined by specifying
the symmetry class and the dimensionality. The symme-
try class depends on the presence or absence of T sym-
metry (8) with ⇥2 = ±1 and/or particle-hole symmetry
(15) with ⌅2 = ±1. There are 10 distinct classes, which
are closely related to the Altland and Zirnbauer (1997)
classification of random matrices. The topological clas-
sifications, given by Z, Z2 or 0, show a regular pattern
as a function of symmetry class and dimensionality and
can be arranged into the periodic table of topological in-
sulators and superconductors shown in Table I.

The quantum Hall state (Class A, no symmetry; d =
2), the Z2 topological insulators (Class AII, ⇥2 = �1;
d = 2, 3) and the Z2 and Z topological superconductors
(Class D, ⌅2 = 1; d = 1, 2) described above are each
entries in the periodic table. There are also other non
trivial entries describing di↵erent topological supercon-
ducting and superfluid phases. Each non trivial phase is
predicted, via the bulk-boundary correspondence to have
gapless boundary states. One notable example is super-
fluid 3He B (Volovik, 2003; Roy, 2008; Schnyder, et al.,
2008; Nagato, Higashitani and Nagai, 2009; Qi, et al.,
2009; Volovik, 2009), in (Class DIII, ⇥2 = �1, ⌅2 = +1;
d = 3) which has a Z classification, along with gapless 2D
Majorana fermion modes on its surface. A generalization
of the quantum Hall state introduced by Zhang and Hu
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FIG. 5 Edge states in the quantum spin Hall insulator. (a)
shows the interface between a QSHI and an ordinary insula-
tor, and (b) shows the edge state dispersion in the graphene
model, in which up and down spins propagate in opposite
directions.

(2001) corresponds to the d = 4 entry in class A or AII.
There are also other entries in physical dimensions that
have yet to be filled by realistic systems. The search is
on to discover such phases.

III. QUANTUM SPIN HALL INSULATOR

The 2D topological insulator is known as a quantum
spin Hall insulator. This state was originally theorized
to exist in graphene (Kane and Mele, 2005a) and in 2D
semiconductor systems with a uniform strain gradient
(Bernevig and Zhang, 2006). It was subsequently pre-
dicted to exist (Bernevig, Hughes and Zhang, 2006), and
was then observed (König, et al., 2007), in HgCdTe quan-
tum well structures. In section III.A we will introduce
the physics of this state in the model graphene system
and describe its novel edge states. Section III.B will re-
view the experiments, which have also been the subject
of the review article by König, et al. (2008).

A. Model system: graphene

In section II.B.2 we argued that the degeneracy at the
Dirac point in graphene is protected by inversion and
T symmetry. That argument ignored the spin of the
electrons. The spin orbit interaction allows a new mass
term in (3) that respects all of graphene’s symmetries. In
the simplest picture, the intrinsic spin orbit interaction
commutes with the electron spin Sz, so the Hamiltonian
decouples into two independent Hamiltonians for the up
and down spins. The resulting theory is simply two copies
the Haldane (1988) model with opposite signs of the Hall
conductivity for up and down spins. This does not violate
T symmetry because time reversal flips both the spin and
�xy. In an applied electric field, the up and down spins
have Hall currents that flow in opposite directions. The
Hall conductivity is thus zero, but there is a quantized
spin Hall conductivity, defined by J

"
x � J

#
x = �

s
xyEy with

�
s
xy = e/2⇡ – a quantum spin Hall e↵ect. Related ideas

were mentioned in earlier work on the planar state of
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where e� schematically represents the array of spin, e.g., e� = (. . . , ", ", #, . . . ) and so on.
There are 2Ne degenerate ground states corresponding to the spin degree of freedom at each
site.

We want to consider an e↵ective Hamiltonian regarding Ht as a perturbation. Noting
he�|Ht |e�i = 0, the nontrivial e↵ect appears at the second-order in Ht. The e↵ective Hamil-
tonian is given by

He↵ = �PHt
1

HU
HtP = � t2

U
P

X

hi,ji��0

⇣
c†i�cj�c

†
j�0ci�0 + c†j�ci�c

†
i�0cj�0

⌘
P , (3.7)

where P denotes the projection operator to the Hilbert space spanned by the ground state
(3.6). The physical meaning is that, for � 6= �0, it exchanges the spin at the adjacent sites i
and j for a given ground state. This is rewritten in terms of the spin operator as

He↵ =
4t2

U

X

hi,ji

~Si · ~Sj, (3.8)

where we have defined

Sz
i =

1

2
(c†i"ci" � c†i#ci#), S+

i ⌘ Sx
i + iSy = c†i"ci#, S�

i ⌘ Sx � iSy = c†i#ci". (3.9)

Since the coe�cient t2/U is positive, it represents the Heisenberg anti-ferromagnet model
with J = �t2/U . Thus, the half-filling Hubbard model may describe both the metal phase
in the limit U ! 0 and the anti-ferromagnetic insulator phase in the large U limit.

4 A model of condensed matter axion

4.1 Energy band in Fu-Kane-Mele-Hubbard model

A three-dimensional topological insulator has been proposed in Refs. [39, 40]. An example
is the diamond lattice with a strong spin-orbit coupling. On the other hand, taking account
of the Hubbard on-site interaction between electrons may lead to the anti-ferromagnetic
phase, leading to the topological anti-ferromagnet. Such a model is called the Fu-Kane-
Mele-Hubbard model and studied in Ref. [46]. Actually, it is found in Ref. [46] that there is
a topological anti-ferromagnetic phase depending on the interaction strength, in which the
spin-wave excitation (magnon) has an axionic coupling to the electromagnetic field.

Now, we briefly review the Fu-Kane-Mele-Hubbard model on the diamond lattice. We
assume the half-filling case, i.e., there is only one electron at the electron orbitals of our
interest at each site. The model Hamiltonian is given by H = H0 +HU :

H0 =
X

hi,ji�

tijc
†
i�cj� + i

4�

a2

X

hhi,jii

c†i~� · (~d1ij ⇥ ~d2ij)cj, (4.1)

HU = U
X

i

ni"ni#, (4.2)
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When the strength U is intermediate, it has been shown that
the spin liquid phase emerges22–26 and pointed out the pos-
sibility of the fractional topological insulator phase.21 In an-
other model of a 2D topological insulator with on-site interac-
tion, the Bernevig-Hughes-Zhang-Hubbard model, the exis-
tence of the topological antiferromagnetic insulator phase has
been pointed out.27 On the other hand, in the case of three-
dimensions, the Fu-Kane-Mele model on the diamond lattice,
the 3D analog of the Kane-Mele model, is known as a model
for a 3D topological insulator.28, 29 What is the properties
of an interacting Fu-Kane-Mele model, the Fu-Kane-Mele-
Hubbard model? So far there has been no study on this model,
although interesting phenomena are expected to emerge.

In this paper, we focus on the topological magnetoelectric
response of the antiferromagnetic insulator phase in the ex-
tended Fu-Kane-Mele-Hubbard model on a diamond lattice
at half-filling, within the mean-field approximation. This pa-
per is organized as follows. In Sec. 2, the model we adopt
is explained. We take into account the on-site and nearest-
neighbor repulsive electron-electron interactions. In Sec. 3,
the mean-field phase diagram is presented. In Sec. 4, we ob-
tain analytically the value of ✓ in the antiferromagnetic insula-
tor phase. First we show that we can derive the Dirac Hamil-
tonian in the antiferromagnetic insulator phase. Then based
on the Fujikawa’s method,30, 31 we obtain the theta term as
a consequence of the chiral anomaly. In Sec. 5, we discuss
the realization of the dynamical axion field in our model. we
also discuss the relation between our antiferromagnetic insu-
lator phase and the so-called “Aoki phase”, a symmetry bro-
ken phase induced by interactions in lattice QCD.32

2. Model

Let us consider a 3D lattice model with electron correlation
and spin-orbit coupling. The model we adopt is the extended
Fu-Kane-Mele-Hubbard model on a diamond lattice at half-
filling, in which the Hamiltonian is given by H = H0 + Hint
with the non-interacting part

H0 =
X

hi, ji,�

ti jc
†

i�c j� + i
4�
a2

X

hhi, jii

c
†

i
� · (d1

i j
⇥ d2

i j
)c j, (4)

and the interaction part

Hint = U

X

i

ni"ni# +
X

hi, ji

Vi jnin j, (5)

where c
†

i� is an electron creation operator at a site i with
spin �(=", #), ni� = c

†

i�ci�, ni = ni" + ni#, and a is the lat-
tice constant of the fcc lattice. The first and second terms
of H0 represent the nearest-neighbor hopping and the next-
nearest-neighbor spin-orbit coupling, respectively. d1

i j
and d2

i j

are the two vectors which connect two sites i and j of the
same sublattice. They are given by two of the four nearest-
neighbor vectors, a

4 (1, 1, 1), a

4 (�1,�1, 1), a

4 (1,�1,�1), and
a

4 (�1, 1,�1), with proper signs (directions of the vectors).
� = (�1,�2,�3) are the Pauli matrices for the spin degree
of freedom. The first and second terms of Hint describe the
on-site and nearest-neighbor repulsive electron-electron inter-
actions, respectively. The lattice structure of a diamond lattice
is shown in Fig. 1(a).

It is convenient to express the non-interacting part H0 of
the Hamiltonian in terms of the 4⇥4 alpha (gamma) matri-

Fig. 1. (Color online) (a) A diamond lattice, which consists of two sub-
lattices (red and blue), and each sublattice forms a fcc lattice. (b) The first
Brillouin zone of a fcc lattice. Green circles represent the X points.

ces. The diamond lattice consists of two sublattices (A and
B), with each sublattice forming a fcc lattice. In such a case,
we can define the basis ck ⌘ [ckA", ckA#, ckB", ckB#]T where
the wave vector k is given by the points in the first Brillouin
zone of the fcc lattice [see Fig. 1(b)]. Then the single-particle
HamiltonianH0(k) [H0 ⌘

P
k c
†

kH0(k)ck] is written as28, 29

H0(k) =
5X

µ=1

Rµ(k)↵µ, (6)

where the coe�cients Rµ(k) are given by

R1(k) = �[sin u2 � sin u3 � sin(u2 � u1) + sin(u3 � u1)],

R2(k) = �[sin u3 � sin u1 � sin(u3 � u2) + sin(u1 � u2)],

R3(k) = �[sin u1 � sin u2 � sin(u1 � u3) + sin(u2 � u3)],

R4(k) = t + �t1 + t(cos u1 + cos u2 + cos u3),

R5(k) = t(sin u1 + sin u2 + sin u3).

(7)

Here u1 = k · a1, u2 = k · a2, and u3 = k · a3 with
a1 =

a

2 (0, 1, 1), a2 =
a

2 (1, 0, 1) and a3 =
a

2 (1, 1, 0) being the
primitive translation vectors. In the following, we set a = 1.
The alpha matrices ↵µ are given by the chiral representation:

↵ j =

"
� j 0
0 �� j

#
, ↵4 =

"
0 1
1 0

#
, ↵5 =

"
0 �i

i 0

#
, (8)

where j = 1, 2, 3. In the present basis, the time-reversal op-
erator and spatial inversion (parity) operator are given by
T = 1 ⌦ (�i�2)K (K is the complex conjugation operator)
and P = ⌧1 ⌦1, respectively. We have introduced the hopping
strength anisotropy �t1 due to the lattice distortion along the
[111] direction. Namely, we have set such that ti j = t + �t1
for the [111] direction, and ti j = t for the other three di-
rections. When �t1 = 0, the system is a semimetal, i.e., the
energy bands touch at the three points X

r = 2⇡(�rx, �ry, �rz)
(r = x, y, z). Finite �t1 opens a gap of 2|�t1| at the X

r points.
The Z2 invariant of the system is given by

(�1)⌫0 =
8Y

i=1

sgn

2
6666664t + �t1 + t

3X

p=1

cos
⇣
�i · ap

⌘
3
7777775 , (9)

where �i are the eight time-reversal invariant momenta:
(0, 0, 0), (2⇡, 0, 0), (0, 2⇡, 0), (0, 0, 2⇡), (⇡, ⇡, ⇡), (⇡, ⇡,�⇡),
(⇡,�⇡, ⇡), and (�⇡, ⇡, ⇡). We see that the system is a topologi-
cal insulator (normal insulator) when 0 < �t1 < 2t (�t1 < 0 or
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~k

この模型では反強磁性マグノン～ “アクシオン”



固体アクシオンを利用した暗黒物質検出

暗黒物質から固体アクシオンへの変換
a

B0 B0

E
↵,�

[Marsh et al (2018), Chigusa, Moroi, Nakayama (2021)]
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Figure 6: Proposed transmission experiment to detect the axion-polariton. Left: THz
source power spectrum. Centre: Transmission experiment concept. A source field, which
propagates along the negative z-direction is incident on a TMI. An external B-field Be

is applied parallel to the TMI surface. If AQs exist in the material, the dispersion
relation has a gap where no propagating modes exist, thus altering the spectrum of
the transmitted radiation. Right: Theoretical transmission spectrum. The green line
corresponds to the case where a dynamical AQ is present. The gap is indicated by the
vertical green dotted lines. The width on resonance, �res, serves to measure the polariton
losses.

3.1.1 General formulation
The macroscopic axion-Maxwell equations for a three-dimensional TMI are [42]

Ò · D = flf ≠ –

fi
Ò(”� + �0) · B , (3.1)

Ò ◊ H ≠ ˆtD = Jf + –

fi
(Bˆt(”� + �0) ≠ E ◊ Ò(”� + �0)) , (3.2)

Ò · B = 0 , (3.3)
Ò ◊ E + ˆtB = 0 , (3.4)

ˆ2
t ”� ≠ v2

i ˆ2
i ”� + m2

�”� = �E · B , (3.5)

where ”� is the pseudoscalar axion quasiparticle (AQ) field, �0 œ [0, fi] a constant, f2
�

the AQ decay constant, vi (with i = x, y, z) is the spin wave velocity, m� the spin wave
mass, E is the electric field, B the magnetic flux density, D the displacement field, H

the magnetic field strength, flf the free charge density, and Jf the free current density,

– 29 –

[Schutte-Engel et al. (2021)]

固体アクシオンは暗黒物質アクシオンと 
同じ形の電磁相互作用を持つ
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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 2: Sensitivity of the magnon to the DM hidden photon in the mH vs. ✏ plane. The
color and line style convention and the experimental set up are the same as those explained
in Fig. 1. The gray region is a combination of existing constraints, while the magenta region
shows a sensitivity of the polar material [61]. The purple and green lines correspond to the
sensitivity of the Dirac material [62] with gap sizes � = 2.5meV and 0, respectively.

6 Conclusions and discussion

Motivated by recent developments in the axion electrodynamics in the context of condensed
matter physics, we considered a possibility of DM detection through DM conversion into the
condensed-matter (CM) axion. We formulated a way how the CM axion degree of freedom
appears starting from the tight-binding model of the electrons on the lattice. In a particular
example, we have taken the model in [46], in which the CM axion may be interpreted as the
spin wave or the (linear combination of) magnons in an anti-ferromagnetic insulator.#11 For
the convenience of readers of particle physics side, we have reviewed the Heisenberg model
and half-filling Hubbard model in a self-consistent and comprehensive manner. Based on
these basic ingredients, we can derive the CM axion dispersion relation and its interaction
with electromagnetic fields.

As DM models, we considered two cases: the elementary particle axion (or ALP) and
the hidden photon. We calculated the DM conversion rate into the CM axion in a quantum
mechanical way and estimated the signal rate. It is possible to cover the parameter regions
which have not been explored so far in the DM mass range of about meV. It may be possible
to reach the QCD axion. One should note, however, that our calculation is just based on

#11In the original proposal of dynamical axion in Fe-doped topological insulators such as Bi2Se3 [35], the
CM axion is interpreted as an amplitude mode of the anti-ferromagnetic order parameter and not expressed
by a linear combination of magnons.
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[Chigusa, Moroi, Nakayama (2021)]

アクシオン暗黒物質の場合 ダークフォトン暗黒物質の場合



暗黒物質検出と物性物理
物質の種類によって色んな準粒子が存在する

暗黒物質の種類によって、反応のし易さが違う
アクシオン … 電子/核子スピンと結合
ダークフォトン … 電子/核子電荷と結合

マグノン
フォノン

比較的軽い暗黒物質の検出に向いている
吸収型の暗黒物質：1 meV ~ 1 keV ぐらい
散乱型の暗黒物質：1 keV ~ 1 GeV ぐらい

こうしたアイデアに基づいた実験計画も進行中
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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

ダイヤモンドセンサー

Nitrogen-Vacancy (NV) 中心の 
電子の量子状態を制御

磁場、温度、圧力などの 
高感度センサーとして利用

アクシオン暗黒物質検出へ応用

(２電子のspin triplet state)

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

5

FIG. 2 Energy level diagram for the NV- ground state spin in
the presence of an axial magnetic field Bz and ignoring nuclear
spin, as described by Eqn. 5. Population in the |ms = 0i state
results in higher fluorescence under optical illumination than
population in the |ms =±1i states. In this diagram, resonant
MWs (gray oval) address the |ms =0i ! |ms =+1i transition.
Eqn. 8 describes the pseudo-spin-1/2 subspace occupied by these
two levels.

vanishes for I = 1/2 in 15NV-, as no quadrupolar moment
exists for spins I < 1.

The NV- electron spin also interacts with electric fields ~E

and crystal stress (with associated strain) (Kehayias et al.,
2019). In terms of the axial dipole moment dk, trans-
verse dipole moments d? and d

0
?, and spin-strain coupling

parameters {Mz, Mx, My, Nx, Ny}, the interaction is
presently best approximated by (Barfuss et al., 2018; Do-
herty et al., 2012; Udvarhelyi et al., 2018; Van Oort and
Glasbeek, 1990)

Helec|str/h =
�
dkEz + Mz

�
S
2
z

+ (d?Ex + Mx)
�
S
2
y � S

2
x

�

+ (d?Ey + My) (SxSy + SySx)

+ (d0?Ex + Nx) (SxSz + SzSx)

+ (d0?Ey + Ny) (SySz + SzSy) .

(4)

Experimental values of d? and dk are given in Table 16.
In magnetometry measurements, the terms proportional to
(d0?Ei +Ni) for i = x, y are typically ignored, as they are
off-diagonal in the Sz basis, and the energy level shifts they
produce are thus suppressed by D (Kehayias et al., 2019).
Furthermore, many magnetometry implementations oper-
ate with an applied bias field ~B0 satisfying d?Ei +Mi ⌧
geµB

h B0 ⌧ D for i = x, y in order to operate in the lin-
ear Zeeman regime, where the energy levels are maximally
sensitive to magnetic field changes (see Appendix A.9). In
the linear Zeeman regime, the terms in Helec|str propor-
tional to (d?Ei +Mi) can also be ignored. The sole re-
maining term in Helec|str acts on the NV- spin in the same
way as the temperature-dependent D and is often combined
into the parameter D for a given NV- orientation (Glenn
et al., 2017). Except for extreme cases such as sensing in
highly strained diamonds or in the presence of large electric
fields, the values of all the electric field and strain param-
eters in Helec|str are ⇠ 1 MHz or lower. Consequently, for

most magnetic sensing applications, H0 can be taken as the
Hamiltonian describing the NV- ground state spin for each
of the hyperfine states.

In the presence of a magnetic field oriented along the NV
internuclear axis ~B = (0, 0, Bz), H0 is given in matrix form
by

H
(z)
0 /h =

0

B@
D + geµB

h Bz 0 0

0 0 0

0 0 D �
geµB

h Bz

1

CA . (5)

with eigenstates |ms=0i, |ms=�1i, and |ms=+1i and
magnetic-field-dependent transition frequencies

⌫± = D ±
geµB

h
Bz, (6)

which are depicted in Fig. 2. For the general case of a
magnetic field ~B with both axial and transverse components
Bz and B?, the transition frequencies are given to third
order in

� geµB

h
B
D

�
by

⌫± = D

"
1±

✓
geµB

h

B

D

◆
cos ✓B +

3
2

✓
geµB

h

B

D

◆2

sin2
✓B

±
✓
geµB

h

B

D

◆3✓1
8
sin3

✓B tan ✓B � 1
2
sin2

✓B cos ✓B

◆#
,

(7)

where tan ✓B = B?/Bz.
Magnetic sensing experiments utilizing NV- centers of-

ten interrogate one of these two transitions, allowing the
unaddressed state to be neglected. For example, choosing
the |0i and |+1i states and subtracting a common energy
offset allows H

(z)
0 from Eqn. 5 to be reduced to the spin-1/2

Hamiltonian H given by

H/h =

 
D
2 + 1

2
geµB

h Bz 0

0 �
D
2 �

1
2
geµB

h Bz

!
. (8)

This simplification is appropriate when off-resonant excita-
tion of the |ms =�1i state can be ignored and operations
on the spin system are short compared to T1. From this
simple picture, the full machinery typically employed for
two-level systems can be leveraged.

D. Spin-based measurements on NV-

We now outline Norman Ramsey’s Method of separated
oscillatory fields when adapted for magnetic field measure-
ment using one or more NV- centers in a two-level sub-
space, e.g., {|0i,|+1i}. After initialization of the spin state
to |0i, a periodically varying magnetic field B1(t), with po-
larization in the x-y plane and frequency ⌫+ resonant with
the |0i $ |+1i transition, causes spin population to oscil-
late between the |0i and |+1i states at angular frequency
⌦R / B1, called the Rabi frequency. The resonant field
B1(t) is applied for a particular finite duration ⇡/(2⌦R)
known as a ⇡/2-pulse, which transforms the initial state
|0i into an equal superposition of |0i and |+1i. This state
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quantify the relative population between the states |+i and
|0i, we define

S ¥ 1
2
h√(ø)

ØØæz
ØØ√(ø)i= 1

2
cos

°
¡°µ

¢
. (3)

For µ = º/2 and small ¡, S is proportional to Bz . Thus, de-
tecting the final population through fluorescence light re-
sults in the detection of (or the constraint on) the external
magnetic field Bz .

Effects of dark matter Let us discuss effects of dark mat-
ter that interacts with the electron spin like a magnetic
field. An example is the axion a(~x, t ), whose interaction La-
grangian and the resulting effective Hamiltonian are given
by [20]

L = gaee
@µa

2me
√̄∞µ∞5√ ! Heff =

gaee

me
~ra ·~Se , (4)

with~Se being the electron spin. Another example is the dark
photon Hµ(~x, t ) with the kinetic mixing with the Standard
Model photon [21],

L =° ≤
2

Fµ∫Hµ∫ ! Heff =
≤e
me

(~r£ ~H) ·~Se . (5)

In both cases, the effective dark matter-electron interaction
Hamiltonian is expressed as

Heff = ∞e~Beff ·~Se cos(mt +±), (6)

with

~Beff =
p

2ΩDM £
( gaee

e ~vDM for axion,

≤
°
~vDM £ Ĥ

¢
for dark photon,

(7)

where m denotes the dark matter mass, vDM the typical
dark matter velocity, ΩDM the dark matter energy density
around the Earth, ± an arbitrary phase of the dark matter
oscillation, and Ĥ ¥ ~H/|~H | the direction of the dark pho-
ton field. We can estimate

p
2ΩDMvDM ' 1.3 £ 10°8 T for

ΩDM = 0.4GeV/cm3 and vDM = 10°3 [1]. For reference, the
de Broglie wavelength of the dark matter is ∏= (mvDM)°1 '
2.0£106 m(m/10°10 eV)°1 and the coherence time is øDM '
(mv2

DM)°1 ' 6.6s(m/10°10 eV)°1. As far as the de Broglie
length is longer than the typical size of the diamond sam-
ple, one can regard the dark matter as a spatially uniform
field. Also within the time scale of øDM, one can safely ap-
proximate the dark matter field as a harmonic oscillator like
cos(mt +±). Below, we consider the case of ø< øDM, which
is satisfied for m . 0.1meV when ø ª 1µs. Note that the
above expression assumes the absence of any shielding ma-
terials; if the experimental apparatus is shielded by a con-
ductor with a typical size L, Beff may be suppressed by a fac-
tor of mL (1/(mL)+vDM) when mL < 1 (mL > 1) rather than
vDM for the dark photon case [22].

Time evolution of the Bloch vector is affected by the dark
matter interaction with the spin triplet states. The effective

Hamiltonian in the interaction picture, in the basis of |+i
and |0i, is given by

eHeff =
∞e

2
cos(mt +±)

µ
B eff

z
p

2B eff
° ei!+t

p
2B eff

+ e°i!+t °B eff
z

∂
, (8)

where B eff
± ¥ B eff

x ± i B eff
y . We define t = 0 to be the injection

time of the initial º/2 pulse. The state evolves according to3
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which is analogous to the case of a dc magnetic field (3) as
expected. To estimate the sensitivity on dark matter models,
we need to compare it with the noise discussed below.

Sensitivity In the most optimistic setup, the unique
noise source is the intrinsic quantum fluctuation of the
spin, which is called the spin projection noise. It gives an
inevitable contribution to S in an ensemble magnetometer
represented as

¢Ssp = 1
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3 Precisely speaking, the presence of dark matter also affects the evolution
during the initial and final º/2 pulses. However, this dark matter effect is
numerically negligible since the typical size of the magnetic fields used
in the º/2 pulses is much larger than Beff.
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For µ = º/2 and small ¡, S is proportional to Bz . Thus, de-
tecting the final population through fluorescence light re-
sults in the detection of (or the constraint on) the external
magnetic field Bz .

Effects of dark matter Let us discuss effects of dark mat-
ter that interacts with the electron spin like a magnetic
field. An example is the axion a(~x, t ), whose interaction La-
grangian and the resulting effective Hamiltonian are given
by [20]
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where m denotes the dark matter mass, vDM the typical
dark matter velocity, ΩDM the dark matter energy density
around the Earth, ± an arbitrary phase of the dark matter
oscillation, and Ĥ ¥ ~H/|~H | the direction of the dark pho-
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tor of mL (1/(mL)+vDM) when mL < 1 (mL > 1) rather than
vDM for the dark photon case [22].

Time evolution of the Bloch vector is affected by the dark
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FIG. 1: The reach of diamond NV-center magnetometry on dark
matter models. (Top) The case of axion dark matter coupling with
electron. (Bottom) The case of dark photon dark matter with ki-
netic mixing with the ordinary photon. Note that the dc magne-
tometry (lighter region) and the resonance search (GHz/heavier
region) require different sequences and cannot be performed si-
multaneously; see the text for details. Together shown by colored
lines are constraints from red giant stars [23], solar axion search in
XENONnT [24], cosmological bounds on dark photon [25, 26], and
dark photon dark matter search constraints [10, 27–35]. The yellow
band shows the DFSZ axion model [36, 37] under the constraint of
0.28 < tanØ < 140 [38]. The black dashed lines show tangent lines
of the sensitivity curves to guide the eye.

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

magnetic field as weak as4
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where the exponential factor represents the sensitivity loss
according 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 [39], which is assumed on the right-
hand side.

The sensitivity on dark matter models is estimated

by solving
q≠

S2
Æ

e°ø/T §
2 = ¢Ssp. We replace

°
B eff

z
¢2

by

B 2
eff/3 to take into account the randomness of the direc-

tion of ~Beff. The resulting sensitivities on gaee for ax-
ion and ≤ for dark photon are shown in Fig. 1. We
draw three lines for three experimental setups: (N , tobs) =
(1012,1s), (1012,1year), (1020,1year) with ø = 0.5µs. The
first choice is close to the current experimental conditions.
Obtaining N = 1020 requires a volume of approximately
103 cm3 for a NV concentration of 1.6 £ 1017cm°3 in dia-
monds with high sensitivity [17]. The large volume can
be obtained using a synthesis technique for a large dia-
mond [40] or combining smaller diamonds. The sensitiv-
ities of the dc magnetometry drastically oscillate for heav-
ier masses, so we do not plot them for m > 10°7 eV and
show their tangent lines instead. Together shown are con-
straints from red giant stars [23], solar axion search in
XENONnT [24] and cosmological bounds on the dark pho-
ton [25, 26]. See Ref. [12] for a summary of existing con-
straints on the axion and the dark photon. Although the
currently reported¢S’s are worse than¢Ssp, it can approach
¢Ssp in principle by optimizing the experimental setup, for
example, improving read-out fidelity such as photon col-
lection efficiency and suppression of noises from equip-
ment [14].

If øDM ø tobs, many different values of ~Beff and ± are sam-
pled during the measurement, and the observation result of
each Ramsey sequence distributes with an average hSi = 0

and a standard deviation
q≠

S2
Æ

. On the other hand, if

øDM ¿ tobs, both ~Beff and ± are fixed during the whole mea-
surement duration. Even in this case, the directional depen-
dence on ~Beff of the sensitivity can be averaged by, e.g., using
different sets of NV centers with different axis directions.5

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

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

5 The orientation of NV centers in the diamond sample can be aligned [41–
44].
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暗黒物質の研究は多岐に渡る

まとめ

宇宙物理・物性物理の応用や、検出器のテクノロジーの進展など

検出のための色んなアイデアが求められている

たぶんまだ誰も思い付いていないアイデアがたくさんある

今日紹介したものはほんの一部！


