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宇宙のエネルギーと暗黒物質

68.3% Dark
Energy

26.8% Dark
Matter

4.9% Ordinary
Matter

Wikipedia ”Dark Energy”

▶ 知ってる：　暗黒物質の証拠、残存量
▶ 知らない：　暗黒物質の性質、質量・相互作用など
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様々な暗黒物質模型と生成機構

軽いボソン暗黒物質 軽い暗黒物質 PBHなどWIMP

熱的生成非熱的生成

アクシオン、暗黒光子など
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原子核散乱を用いた暗黒物質の直接探索実験

CF1 Snowmass report, 1310.8327▶ もっと軽い領域はどうすれば探せるのか？
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様々な直接探索手法

直接探索実験で探せる質量領域は、次の 2点に大きく依存している

▶ 実験サイド：　検出に必要なエネルギーしきい値 Ethr

▶ 暗黒物質サイド：　散乱/吸収過程

原子核散乱 電子散乱

暗黒物質

原子核

伝導体

価電子帯

半導体
超伝導体

集団励起モード

格子振動

スピン波
電子スピン
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Kinematics of DM detection process

直接探索実験で探せる質量領域は、次の 2点に大きく依存している

▶ 実験サイド：　検出に必要なエネルギーしきい値 Ethr

▶ 暗黒物質サイド：　散乱/吸収過程

地球のまわりの暗黒物質の速度はとても遅い (v ∼ 10−3)ので、

散乱過程

暗黒物質

▶ 典型的な運動量移行 |q⃗| ∼ min(mχ,me)v

▶ 典型的なエネルギー E ∼ min(mχ,me)
2v2/mχ

▶ |q⃗| ≫ E

暗黒物質

吸収過程

▶ 典型的な運動量移行 |q⃗| ∼ mχv

▶ 典型的なエネルギー移行 E ∼ mχ

▶ |q⃗| ≪ E
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電子散乱を用いたXENON1Tの最新結果
10

FIG. 4. A zoomed-in and re-binned version of Fig. 3 (top),
where the data display an excess over the background model
B0. In the following sections, this excess is interpreted under
solar axion, neutrino magnetic moment, and tritium hypothe-
ses.

127Xe was no longer present during SR1.
Artificial backgrounds from detector e↵ects such as ac-

cidental coincidence (AC) and surface events are also
ruled out. AC events are expected to be spatially uni-
form, but are tightly constrained to have a rate of
< 1 event/(t·y·keV) based on the rates of lone signals
in the detector, i.e., S1s (S2s) that do not have a corre-
sponding S2 (S1) [43]. Surface backgrounds have a strong
spatial dependence [43] and are removed by the fiducial-
ization (1.0 tonne here vs. 1.3 tonnes in [3]) along with
the stricter S2 threshold cut. Both of these backgrounds
also have well-understood signatures in the (cS1, cS2b)
parameter space that are not observed here, as shown in
Fig. 5.

The detection and selection e�ciencies were verified
using 220Rn calibration data. The � decay of 212Pb,
a daughter of 220Rn, was used to calibrate the ER re-
sponse of the detector, and thus allows us to validate the
e�ciency modeling with a high-statistics data set. Sim-
ilarly to 214Pb, the model for 212Pb was calculated to
account for atomic screening and exchange e↵ects, as de-
tailed in Appendix A. A fit to the 220Rn data with this
model and the e�ciency parameter described in Sec. III C
is shown in Fig. 6, where good agreement is observed
(p-value = 0.58). Additionally, the S1 and S2 signals of
the low-energy events in background data were found
to be consistent with this 220Rn data set, as shown in
Fig. 5. This discounts threshold e↵ects and other mis-
modeling (e.g., energy reconstruction) as possible causes
for the excess observed in Fig. 4.

Uncertainties in the calculated spectra were consid-
ered, particularly for the dominant 214Pb background.
More details can be found in Appendix A, but we briefly
summarize them here. A steep rise in the spectrum at low

FIG. 5. Distribution of low energy events (black dots) in
the (cS1, cS2b) parameter space, along with the expected
surface (purple) and AC (orange) backgrounds (1� band).
220Rn calibration events are also shown (density map). All the
distributions are within the one-tonne fiducial volume. Gray
lines show isoenergy contours for electronic recoils, where the
excess is between the 1 and 7 keV contours, highlighted in
blue.

FIG. 6. Fit to 220Rn calibration data with a theoretical �-
decay model (see Appendix A) and the e�ciency nuisance
parameter, using the same unbinned profile likelihood frame-
work described in Sec. III C. This fit suggests that the e�-
ciency shown in Fig. 2 describes well the expected spectrum
from 214Pb, the dominant background at low energies.

energies could potentially be caused by exchange e↵ects;
however this component is accurate to within 1% and
therefore negligible with respect to the observed excess.
The remaining two components, namely the endpoint en-
ergy and nuclear structure, tend to shift the entire � dis-
tribution, rather than cause steep changes over a range of
⇠ 10 keV. Conservatively, the combined uncertainty from
these two components is +6% in the 1–10 keV region, as

XENON1T experiment ’20▶ エネルギーしきい値は 1 keVくらい

▶ 暗黒物質の吸収で説明を試みる：E ∼ mχ ∼ O(1) keV

▶ 信号（？）が数 binにまたがっているのがあまり暗黒物質っぽくない
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軽い暗黒物質の直接探索実験

軽いボソン暗黒物質 軽い暗黒物質 PBHなどWIMP

原子核散乱

集団励起モード

吸収過程を
電子の励起で 電子の励起

イオン化

集団励起モード
超伝導体

超伝導体
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トークの目的と目次

我々の論文のポイント

▶ 暗黒物質がマグノンに変換される過程の量子力
学的定式化を（素粒子論屋さんに親しみの深い

やり方で）行った

▶ 暗黒光子にその計算を初めて応用した
▶ 結果の図を描いた

イントロ
動機

暗黒物質の直接検出実験とその運動学的観点

マグノンのレビュー
磁気秩序とスピン波

強磁性体 YIG

マグノンと暗黒物質との相互作用
素粒子論屋向け量子力学的定式化

QUAX実験の簡単なレビュー

我々の結果
信号率の評価

アクシオン・暗黒光子への制限
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磁気秩序の形成

等間隔に並んだ格子上のスピン系を考える

...

スピン間に相互作用 [exchange interactions]

ex) 1次元ハイゼンベルグ模型

HHeisenberg = −J
∑
ℓ

S⃗ℓ · S⃗ℓ+1

基底状態のスピンは秩序だって並ぶ

J の符号がマクロな磁気的性質を決定する

強磁性体 (J > 0)

...

全体として有限の磁化を持つ

M⃗ = geµB
∑
ℓ

S⃗ℓ

(
ge ≃ 2, µB =

eℏ
2mec

)
反強磁性体 (J < 0)

...

磁化を持たない (M = 0)

フェリ磁性
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強磁性体中のスピン波

強磁性体の基底状態からの励起を考える ⇔ スピンの反転

系全体としてスピン 1つ分の反転を起こすために、いくつかの方法が存在する

Fermi Fermi - - 
surface surface 

4.73 electrons 

Figure 7a Band relationships in nickel above the Curie temperature. The net magnetic moment 
is zero, as there are equal numbers of holes in the 3d and 3d f bands. 
Figure 7b Schematic relationship of bands in nickel at absolute zero. The energies of the 3d f 
and 3d L sub-bands are separated by an exchange interaction. The 3d T band is filled; the 3d .1 
band contains 4.46 electrons and 0.54 hole. The 4s band is usually thought to contain approxi- 
mately equal numbers of electrons in both spin directions, and so we have not troubled to divide it 
into sub-bands. The net magnetic moment of 0.54 pB per atom arises from the excess population 
of the 3d f band over the 3d .1 band. It is often convenient to speak of the magnetization as arising 
from the 0.54 hole in the 3d .1 band. 

MAGNONS 

A magnon is a quantized spin wave. We use a classical argument, just as we 
did for phonons, to find the magnon dispersion relation for w versus k. We 
then quantize the magnon energy and interpret the quantization in terms of 
spin reversal. 

The ground state of a simple ferromagnet has all spins parallel, as in Fig. 8a. 
Consider N spins each of magnitude S on a line or a ring, with nearest-neighbor 
spins coupled by the Heisenberg interaction: 

t t t t t t  t t l t t t  88V88V 
+ o r  + a t +  + a r  

Figure 8 (a) Classical picture of the ground state of a simple ferromagnet: all spins are parallel. 
(b) A possible excitation: one spin is reversed. (c) The low-lying elementary excitations are spin 
waves. The ends of the spin vectors precess on the surfaces of cones, with successive spins ad- 
vanced in phase by a constant angle. 

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

▶ ∆E(b) ≡ E(b) − E(a) = 4JS2

▶ ∆E(c) ≡ E(c) − E(a) ≃ 4JS2
(
1− cos

(
2π
N

))
with N = 6 < ∆E(b) : スピン波の形が好ましい

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. 
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スピン波の量子力学的定式化：マグノン

簡単のため、1次元ハイゼンベルグ模型 (J > 0) + 外部磁場 B⃗ を考える

H = −J
∑
ℓ

S⃗ℓ · S⃗ℓ+1 − geµB
∑
i

B⃗ · S⃗ℓ,

磁場はスピンの方向にかけることにする：B⃗ = B0ẑ

ポイント：　スピン演算子と（ボソン）生成消滅演算子を関係付ける

Holstein-Primakoff 変換

S+
ℓ ≡ Sxℓ + iSyℓ =

√
2s

√
1−

c†ℓcℓ
2s

cℓ,

S−ℓ ≡ Sxℓ − iSyℓ =
√
2sc†ℓ

√
1−

c†ℓcℓ
2s

,

Szℓ = s− c†ℓcℓ,

sは格子上のスピンの大きさ

正当化

単純な計算により、ボソンの交換関係

[cℓ, c
†
m] = δℓm,

を仮定すれば、スピン演算子の交換関係が得られる

[S+
ℓ , S

−
m] = 2Szℓ δℓm,

[Szℓ , S
±
m] = ±S±ℓ δℓm.

nℓ ≡ c†ℓcℓ : スピンをいくつ反転したか

(
∑
ℓ nℓ = マグノンの数)
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マグノンの分散関係

HP変換して、生成消滅演算子の 2次の項だけぬき出す H = −J
∑
ℓ S⃗ℓ · S⃗ℓ+1 − geµBB0

∑
ℓ S

z
ℓ

H ≃ (const.)− 2Js
∑
ℓ

(
cℓc
†
ℓ+1 + c†ℓcℓ+1 − s(nℓ + nℓ+1)

)
+ geµBB0

∑
ℓ

nℓ +O
(
c4

s

)
.

フーリエ変換

...

cℓ =
1√
N

∑
k

e−ikxℓck, c†ℓ =
1√
N

∑
k

eikxℓc†k.

2次の項は対角化されて

H ≃
∑
k

[2Js(1− cos(ka))︸ ︷︷ ︸
ωk

+ geµBB0︸ ︷︷ ︸
ωL

]c†kck.

一般には対角化に際してボゴリューボフ変換が必要だが、今の
模型では考える必要がない

分散関係

ωL

ωk +ωL

∝ k 2 k

−π/a π/a∼ keV

4Js O(100)meV

B= 0

B 0

ωL: 一様なスピン歳差運動の

ラーモア周波数

Wikipedia “Larmor precession”
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南部・ゴールドストン粒子 (NGB)としての音響マグノン

ハミルトニアンの対称性：SO(3)

H = −J
∑
ℓ

S⃗ℓ · S⃗ℓ+1, (B⃗ = 0)

基底状態の対称性：z 軸まわりの SO(2)

SO(3)の 3つの対称性のうち 2つが自発的に破れる

強磁性体の NGB

...〈
Stot
z

〉
≡
〈
0
∣∣Stot

z

∣∣ 0〉 ̸= 0

1つの Type-II NGB#：ωk ∼ k2 (k → 0)

反強磁性体の NGB

...〈
Stot
z

〉
= 0

2つの Type-I NGB#：ωk ∼ k (k → 0)

∝ k

ωk

∝ k 2 k

−π/a π/a∼ keV

4Js O(100)meV

Type II
Type I

非相対論的な系における NGBの個数と k → 0でのふ

るまいは、以下に分類されている

# H. Watanabe and H. Murayama ’12, Y. Hidaka ’12
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南部・ゴールドストン粒子 (NGB)としての音響マグノン

小さく破れた SO(3)

H = −J
∑
ℓ

S⃗ℓ · S⃗ℓ+1 +
∑
ℓ

B⃗ · S⃗ℓ

基底状態の対称性：z 軸まわりの SO(2)

SO(3)の 3つの対称性のうち 2つが自発的に破れる

強磁性体の NGB

...〈
Stot
z

〉
≡
〈
0
∣∣Stot

z

∣∣ 0〉 ̸= 0

1つの Type-II NGB#：ωk ∼ k2 (k → 0)

反強磁性体の NGB

...〈
Stot
z

〉
= 0

2つの Type-I NGB#：ωk ∼ k (k → 0)

ωL
k

−π/a π/a∼ keV

4Js O(100)meV

Type II (B 0)

Type I (B 0)

非相対論的な系における NGBの個数と k → 0でのふ

るまいは、以下に分類されている

# H. Watanabe and H. Murayama ’12, Y. Hidaka ’12
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イットリウム・鉄・ガーネット (YIG)

YIG: Y3Fe2(FeO4)3

a) Y, Fe3+, Fe3+, Oで構成される単位格子

b) 磁性を記述する単位格子

Fe3+ 中の対になっていない電子が格子上に局在

化し、YIGの磁性を形成する。

（広い意味での）強磁性体で、M = 38 emu/g

(T = 0K)

YIGの特徴

− 高い転移温度 (Tc = 559K)と低いマグノン減衰率； 長い歴史があり、よく理解されている

− 最近大きく発展しているスピントロニクスのおかげでさらに理解が深まりつつある（らしい）
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YIG中のマグノンモード

(磁性単位格子中のスピンの数)

⇕
(異なるマグノンモードの数)

YIGは 1つの磁性単位格子中に 20個の Fe3+sを含む

ので、20種類のマグノンを持つ

マグノンモード

▶ 1種の (ギャップのない)音響マグノン (NGB)

▶ 19種の (ギャップのある)光学マグノン

典型的な物理スケール

▶ 典型的な運動量：≲ 2π/a ∼ keV

▶ 典型的なエネルギー：1–100meV

▶ B0 ∼ O(1)Tでラーモア周波数

ωL ∼ O(0.1)meV

磁場を変えて、ギャップの大きさ ωL を調整可能
T. Trickle+ ’1915 / 24
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電子スピンと結合する新物理模型を考える

アクシオンと電子スピンの相互作用

次のアクシオンと電子の相互作用を考える

Lint =
1

2fa
(∂µa)ψ̄γ

µγ5ψ. (⋆)

スピノル部分と電子のスピン密度の演算子とは、

ざっくりと以下のように関係付けられる

ψ̄γ0γ5ψ ∼ O(p⃗/me),

ψ̄γiγ5ψ ∼ 2Si.

ラグランジアンに代入・変形して、

Hint =
1

fa

∑
ℓ

∇a(x⃗ℓ) · S⃗ℓ.

暗黒光子と電子スピンの相互作用

次の暗黒光子と電子の相互作用を考える

Lint = ϵeHµψ̄γ
µ
ψ

∼ ϵe
[

i

2me
Hµψ̄(∂

µ −
←−
∂

µ
)ψ −

1

me
∂νHµψ̄Σ

µν
ψ

]
.

ただし、Σµν ≡ i
4
[γµ, γν ], ϵ: kinetic mixing

第 2項のスピノル部分が電子スピンと関係する

ψ̄Σijψ ∼ −iϵijkSk.

最終的に、

Hint =
ϵe

me

∑
ℓ

(∇× H⃗)(x⃗ℓ) · S⃗ℓ.

▶ S⃗ℓ はマグノンの演算子を含んでいたので、Hint が新物理とマグノンの相互作用を記述する
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アクシオンとマグノンの相互作用

Hint =
1
fa

∑
ℓ∇a(x⃗ℓ) · S⃗ℓ

▶ アクシオンを古典的な背景場と思う
a(x⃗, t) = a0 cos(mat−mav⃗a · x⃗+ δ).

▶ S⃗ℓ はマグノンの演算子で書き換え

Hint ≃ sin(mat+ δ)

(√
sN

2

maa0v
+
a

fa
c†
k⃗=0

+ h.c.

)
.

ただし、v+a ≡ vxa ± ivya

解釈

▶ アクシオン背景場は十分一様；
(mava)

−1 ∼ O(1)m ≫ (YIG size)なので、

“キッテルモード”(k⃗ = 0)しか励起されない

▶ N 個のスピンと同時に反応するので、Hint ∝
√
N

ちなみに

Holstein-Primakoff変換はマグノン演算子に関して

非線形なので、様々な相互作用頂点が存在する

a

a0

V(a)

∝m2
a/2

ρDM = 1
2
m2
aa

2
0

a c
†
0

c
†
k

ck

a

a

c
†
k

c
†
�

ck+�
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QUAX実験

QUAXは axion haloscope実験の 1種だが、装置内に YIG球を挿入して動かす

axion magnon

q = (0, ωL = ma)

セットアップ

▶ アクシオンが k⃗ = 0マグノンに変化する過程を探す

▶ B0 ∼ 1.7T、ωL ∼ 0.2meV

▶ B0 をスキャンすることで、質量ma が O(0.1)meV

付近のアクシオンを探す

R. Barbieri+ ’16 QUAX proposal
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トークの目的と目次

我々の論文のポイント

▶ 暗黒物質がマグノンに変換される過程の量子力
学的定式化を（素粒子論屋さんに親しみの深い

やり方で）行った

▶ 暗黒光子にその計算を初めて応用した
▶ 結果の図を描いた

イントロ
動機

暗黒物質の直接検出実験とその運動学的観点

マグノンのレビュー
磁気秩序とスピン波

強磁性体 YIG

マグノンと暗黒物質との相互作用
素粒子論屋向け量子力学的定式化

QUAX実験の簡単なレビュー

我々の結果
信号率の評価

アクシオン・暗黒光子への制限
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信号率の評価

解くべき問題

真空状態 |0⟩から 1マグノン状態 |1⟩への遷移率を
▶ c0 |0⟩ = 0, c†0 |0⟩ = |1⟩,

以下のハミルトニアンの元で計算する

H0 = ωLc
†
0c0,

Hint = sin(mat+ δ)
(
V c†0 + h.c.

)
.

遷移率

初期条件 |ψ(t = 0)⟩ = |0⟩のもと、以下を解く

i∂t |ψ(t)⟩ = (H0 +Hint) |ψ(t)⟩

遷移率の表式は

P (t) ≡ |⟨1 |ψ(t)⟩|2

教科書を思い出すと limt→∞ P (t) ∝ δ(ωL −ma)

観測時間 tの限界

▶ アクシオンの coherence time τa ∼ (mav
2
a)
−1

▶ マグノンの寿命 τm

▶ τ ≡ min(τa, τm) ≫ m−1
a

0.8 0.9 1.0 1.1 1.2 1.3

ωL

ma

0.05

0.10

0.15

0.20

0.25

P (ma t = 100)

▶ ωL ≃ ma ではひときわ感度が高い
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信号率の評価

QUAXは 50%の効率でマグノンを検出できることを考慮に入れて

dNsignal

dt
=

P (τ)

2τ

∣∣∣∣
ωL=ma

アクシオンの場合

dNsignal

dt
≃ 0.025 s−1

(
1010 GeV

fa

)2 (
MYIG

1 kg

)( va

10−3

)2
(

τ

2µs

)(
sin2 θ

1/2

)
,

暗黒光子の場合

dNsignal

dt
≃ 0.24 s−1

( ϵ

10−12

)2
(
MYIG

1 kg

)( vH

10−3

)2
(

τ

2µs

)(
sin2 θ sin2 φ

1/4

)
,

解釈

方向依存性あり：dNsignal/dt ∝ sin2 θ
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結果

▶ 信号・ノイズ比 (SNR) > 3を要求して感度を見積もる

▶ 熱雑音が支配的な状況を仮定 Tnoise ≃ Tcav = 1, 0.1K

▶ 総観測時間を固定して、磁場の各スキャンステップの時間幅を変える Tobs = 103−4 s

-4 -3 -2 -1 0
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hidden photon-magnon conversion
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Tobs = 104 s, Tcav = 1 K
Tobs = 103 s, Tcav = 0.1 K
Tobs = 104 s, Tcav = 0.1 K
polar material

▶ (もっとも理想的なセットアップで)DFSZアクシオンのパラメータ領域を探れる

▶ 重い領域では熱雑音がボルツマン因子により抑制され、感度が高い
▶ もっと重い領域を探るためには、より大きな磁場が必要
▶ もっと軽い領域を探るためには、より注意してノイズを落とす必要がある 21 / 24



共振器を用いたマグノンの検出 (QUAXの方法)

光子の共振モード

ωcav =
π

L
∼ O(0.1)meV ×

(
1 cm

L

)
Hybridization (mixing)

共振モードとマグノンとの間には相互作用が存在

HBS = geµB
∑
ℓ

B⃗cav(x⃗ℓ) · S⃗ℓ(a+ a†),

ボソン演算子の形で書けば、

Hcm =
(
a† c†0

)(ωcav gcm

gcm ωL

)(
a

c0

)
.

G. Flower+ ’18

ただし a、a† は共振モードの生成消滅演算子
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Y. Tabuchi+ ’15

▶ ωcav = ωL のときMaximal mixingになっていて、マグノンの半分は共振モードに変換される

▶ ma をスキャンしたいとき、磁場 B0 と共振器のサイズを同時に変化させる必要があり、大変
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超伝導転移端センサー (TES)を用いたマグノンの検出

!"#$

%&'()*+,$

-."/0$$
1,,12$

)345678+$
695'()3:$

#;-$

<=$

=$

/>)1?$

Wikipedia “TES”

転移温度 TC ギリギリにおいた超電導体を用いて、熱を検出する

▶ 高性能な TESの開発はホットな分野で、マグノンへの応用も広そう

▶ 共振器が必要ない
▶ 検出のエネルギーしきい値をもっと引き下げる必要がある (現在はおよそ O(10)meV)
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議論と結論

我々の論文のポイント

▶ 暗黒物質がマグノンに変換される過程の量子力学的定式化を（素粒子論屋さんに親しみの深いやり方で）
行った

他の暗黒物質候補や他の過程にも応用可能

▶ 暗黒光子にその計算を初めて応用した
応用の 1例

▶ 結果の図を描いた
今走っている Axion haloscopeは aγγ 相互作用を見るが、マグノンを用いた実験は aee相互作用をみるの

で、アクシオンの模型を区別するのに役立つ

ご静聴ありがとうございました
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Matching between QFT and QM operators

Assume axion-electron coupling

Lint =
1

2fa
(∂µa)ψ̄γ

µγ5ψ

Non-relativistic electron field in Dirac representa-

tion

ψ(x) ⊃
∫

d3p

(2π)3
√
2me

∑
s

ap⃗,sup⃗,se
−ipx,

up⃗,s ≃

(√
2me χs

O(p)

)
,

with χs = (1, 0)T or (0, 1)T

Lint ⊃
∇a
2fa

·
∫

d3p

(2π)3

∑
s,s′

a†p⃗,sap⃗,s′χ
†
sσ⃗χs′ .

Definition of spin operator

S⃗(QFT) ≡
1

2

∫
d3p

(2π)3

∑
s,s′

a†p⃗,sap⃗,s′χ
†
sσ⃗χs′ .

Can explicitly check S⃗ satisfies canonical commu-

tation relations for spin operators in QM

[Si(QFT), S
j
(QFT)] = iϵijkSk(QFT).

In ferromagnet, we substitute

S⃗(QFT) →
∑
ℓ

S⃗ℓ

and obtain

Hint =
1

fa

∑
ℓ

∇a(x⃗ℓ) · S⃗ℓ.
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Axion haloscope
G. Rybka / Physics of the Dark Universe 4 (2014) 14–16 15

Fig. 1. Design of ADMX experiment.

Fig. 2. Example power spectra from the ADMX experiment during warm
commissioning run. The Lorentzian shape below the spectrum shows the alignment
of cavity resonance with the power spectra; the experiment is most sensitive
to axions at the maximum of the cavity resonance. The slowly varying structure
present is the frequency varying effects of the receiver chain and is subtracted
during analysis. An axion signal would appear as a peak of excess power over a
narrow bandwidth (roughly 1 kHz) on this spectrum.

diameter placed inside an 8 Tesla superconducting magnet [18].
Fig. 1 shows an illustration of the experiment. The resonant
frequency of the cavity is tuned bymoving two copper or dielectric
rods from the edge to the center of the cavity. If the cavity is tuned
to the correct frequency, dark matter axions convert into photons
in the resonant TMmodes of the cavity. These photons, along with
black body radiation photons are picked up by a small antenna
at the top of the cavity and carried to microwave amplifiers.
After amplification, the signal is digitized converted into a power
spectrum (see Fig. 2), which is examined for signs of excess power
indicating the presence of axions. The entire system is cooled
cryogenically to reduce noise.

The ADMX experiment has gone through a series of iterations,
each with better sensitivity. Early incarnations of ADMX used
pumped 4He cooling and Heterostructure Field Effect Transistor

(HFET) amplifiers with a noise temperature of 2 K, and were able
to exclude KSVZ axions with masses 1.9–3.3 µeV as dark matter
[19,20]. The amplification systemwas then upgraded to Supercon-
ducting Quantum Interference Device (SQUID) amplifiers. SQUID
amplifiers have a much lower noise temperature than HFETs, as
low as 100 mK at 500 MHz with physical temperatures below
200 mK [21]. The 2010 version ADMX demonstrated the use of
SQUID amplifiers operating at a physical temperature of 2 K (and
thus with a similarly sensitivity to the previous version), excluding
KSVZ axions with masses 3.3–3.53 µeV [22,23].

Presently, the newest version of ADMX has been constructed
with the intention of cooling with a 3He/4He dilution refrigerator.
The experimental package has been commissioned down to liquid
helium temperatures, and successive stages of refrigerator will be
commissioned over the summer. The target physical temperature
with the complete dilution refrigerator is 100 mK. This, in
combination with the SQUID amplifiers used in the previous
version, will result in an experiment that is sensitive to smaller
couplings and increase the tuning speed by over an order of
magnitude.

In addition to the dilution refrigerator, the mass reach of
the ADMX experiment is being expanded by using multiple TM
modes in the microwave cavity. Previous incarnations of ADMX
monitored only the TM010 cavity mode. At present, antennas
collect power from both the TM010 and TM020 modes during
data taking. The TM020 mode is roughly twice the frequency
of the TM010 mode, though somewhat less sensitive to axions
because of geometric factors. Overall it roughly doubles the speed
at which axion masses can be explored. Additional R&D efforts are
underway to further expand the mass reach of ADMX to lower and
higher frequencies.

4. Expected reach of ADMX

With the installation of the dilution refrigerator, the ADMX
experiment should be able to explore awide range of axionmasses
and dark matter axions with the more pessimistic DFSZ coupling
should be detectable even if axions constitute only a fraction of the
local dark matter density. The target search range for the ADMX
experiment after one year of operating at dilution refrigerator
temperatures, as well as the range targeted by R&D efforts, is
shown in Fig. 3. The current schedule is to explore this search range
in 2015, and then move to higher frequencies. This represents a
significant fraction of the plausible axion dark matter mass range,
and thus has significant discovery potential.

5. Other axion dark matter techniques

A number of other experimental techniques exist that may be
relevant for dark matter axions.

Axions produced in the sun with keV energies, and converted
into photons on earth in a strong magnetic field. This technique
has been pursued successfully in the CAST experiment, which has
been able to demonstrate sensitivity to KSVZ axions with masses
around 0.5 eV [24]. Larger versions of this experiment may be able
to exclude KSVZ axions with masses as low as 0.01 eV [25]. These
masses are much larger than would be expected if axions were to
constitute cold dark matter, but axions with these masses were
found, theywould represent a small component of hot darkmatter.

It has been pointed out that darkmatter axions can convert into
photons at the boundary of a conducting material in a magnetic
field, and this could be the basis for an axion dark matter search
in Ref. [26]. The experiment described there consists of a spherical
mirror in a strongmagnetic field, where photons from dark matter
axion conversion are focused at the center of the mirror. This
technique has a lower expected conversion rate when compared

3 112. Axions and Other Similar Particles

E/N = 0 if the electric charge of the new heavy quark is taken to vanish. In general, a broad
range of E/N values is possible [29, 30], as indicated by the diagonal yellow band in Fig. 112.1.
However, this band still does not exhaust all the possibilities. In fact, there exist classes of QCD
axion models whose photon couplings populate the entire still allowed region above the yellow band
in Fig. 112.1, motivating axion search e�orts over a wide range of masses and couplings [31,32].

The two-photon decay width is

≈Aæ““ =
g

2
A““m

3
A

64 fi
= 1.1 ◊ 10≠24 s≠1

3
mA

eV

45
. (112.6)

The second expression uses Eq. (112.5) with E/N = 0. Axions decay faster than the age of the
universe if mA & 20 eV. The interaction with fermions f has derivative form and is invariant

Figure 112.1: Exclusion plot for ALPs as described in the text.

under a shift „A æ „A + „0 as behooves a NG boson,

LAff = Cf

2fA
Œ̄f “

µ
“5Œf ˆµ„A . (112.7)

Here, Œf is the fermion field, mf its mass, and Cf a model-dependent coe�cient. The dimensionless
combination gAff © Cf mf /fA plays the role of a Yukawa coupling and –Aff © g

2
Aff /4fi of a “fine-

structure constant.” The often-used pseudoscalar form LAff = ≠i (Cf mf /fA) Œ̄f “5Œf „A need not
be equivalent to the appropriate derivative structure, for example when two NG bosons are attached
to one fermion line as in axion emission by nucleon bremsstrahlung [33].

In the DFSZ model [26], the tree-level coupling coe�cient to electrons is [34]

Ce = sin2
—

3 , (112.8)

where tan — is the ratio of the vacuum expectation values of the two Higgs doublets giving masses
to the up- and down-type quarks, respectively: tan — = vu/vd.

6th December, 2019 11:47am

G. Rybka+ [ADMX collaboration] ’15 PDG “Axions and Other Similar Particles”

▶ Use Hint = gaγγaFµν F̃
µν

▶ When resonance frequency of cavity ωc = ma, resonant conversion
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Cosmological bound for hidden photon DM 5

FIG. 3. Limits on dark photon dark matter from: Ne↵ (purple); µ- and y-type distortions (resonant and non-resonant correspond
to teal and yellow, respectively); the depletion of dark matter at the level of 10% (resonant and non-resonant correspond to
blue and green, respectively), as in Eq. (12); energy deposition during the cosmic dark ages (pink solid) and enhancements in
the integrated optical depth produced by resonant conversions (pink dotted), as in Eq. (19); and heating of the IGM around the
epoch of helium reionization (resonant and non-resonant correspond to brown and red, respectively), as in Eq. (20). Existing
cosmological constraints on modifications to �Ne↵ during BBN and recombination [11], spectral distortions [11], the depletion
of dark matter [11], stellar cooling [47–49], and the Ly-↵ forest [61], are shown in grey for comparison. Dashed black lines denote
astrophysical bounds derived from thermodynamic equilibrium of gravitationally collapsed objects: the Milky Way [29] (labeled
‘Dubovsky et al’) and the ultra-faint dwarf galaxy Leo T [30] (labeled ‘Wadekar et al’)a. The mean plasma frequency today is
shown for reference with a vertical line, along with the redshift dependence of the plasma frequency, neglecting reionization, on
the upper axis. We include alongside this publication an ancillary file outlining the strongest constraint for each dark photon
mass in order to ease reproduction of our bounds.

a A similar bound has been estimated using thermodynamic equilibrium of gas clouds in the Galactic Center [31]

tions Ji are given by

Jbb(t) = Exp

"
�

✓
z

zµ

◆5/2
#

(9)

Jy(t) =

"
1 +

✓
1 + z

6 ⇥ 104

◆2.58
#�1

(10)

Jµ(t) = 1 � Jy . (11)

Here, zµ = 1.98⇥106 (⌦bh
2
/0.022)�2/5 [(1 � Yp/2)/0.88]�2/5

is the redshift at which DC begins to become ine�-
cient. These equations are only valid for z & 103,
explaining the somewhat unphysical truncation of
bounds derived from resonant transitions shown in
Fig. 2 and Fig. 3 at mA0 ' 10�9 eV. We confirm the

existing bounds from the FIRAS instrument in the
range 10�14 eV . mA0 . 10�9 eV [11], and we scale
these to future sensitivity expected by PIXIE/PRISM.
In the scenario that dark photons constitute the entirety
of dark matter, we show for completeness in Fig. 3
constraints derived from non-resonant dark photon
absorption, obtained by combining Eq. (5) with Eqs. (7)
and (8).

VI. DARK MATTER SURVIVAL

After recombination, dark photon dark matter can be
depleted via the processes shown in Fig. 1. The total
change in the dark matter energy density is given by in-

S. McDermott+ 1911.05086
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他のマグノンの論文
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Comparison of results for axion

QUAX experiment also works as axion haloscope using axion-cavity mode coupling
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Comparison

▶ Probes different couplings: axion-electron and axion-photon

▶ Comparison between results with and without YIG helpful for axion model discrimination

▶ Larger coupling to electron than to photon, better sensitivity with magnons
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Comparison of results for hidden photon
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