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Dark matter in our Universe

68.3% Dark
Energy

26.8% Dark
Matter

4.9% Ordinary
Matter

Wikipedia ”Dark Energy”

▶ We know existence of dark matter (DM) and its abundance

▶ We do not know DM mass, possible interactions and their size, etc.
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DM mass and production mechanisms
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DM direct detection using nuclear recoil

CF1 Snowmass report, 1310.8327▶ How to search for lighter region?
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Various direct detection methods of DM

Mass range effectively searched for at direct detection experiments depends on

▶ Threshold energy Ethr of detection

▶ DM scattering / absorption
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Kinematics of DM detection process

Mass range effectively searched for at direct detection experiments depends on

▶ Threshold energy Ethr of detection

▶ DM scattering / absorption

Taking account of local DM velocity on earth v ∼ 10−3

▶ Typical momentum |q⃗| ∼ min(mχ,me)v

▶ Typical energy E ∼ min(mχ,me)
2v2/mχ

▶ |q⃗| ≫ E

▶ Typical momentum transfer |q⃗| ∼ mχv

▶ Typical energy transfer E ∼ mχ

▶ |q⃗| ≪ E
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Light DM direct detection

6 / 23



Purposes and table of contents

Our achievements

▶ Quantum formulation (easy to understand for

particle physicists) of DM-magnon conversion

process

▶ Application to hidden photon

▶ Show resulting constraints

Introduction

Motivation

Direct detection processes and kinematics

Review of magnon

Review of magnetic ordering and spin waves

Ferromagnetic material YIG

Magnon interactions with new physics

Quantum formulation (for particle physicists!)

Brief review of QUAX experiment

Our results

Evaluation of signal rate

Constraints on axion and hidden photon

7 / 23



Purposes and table of contents

Our achievements

▶ Quantum formulation (easy to understand for

particle physicists) of DM-magnon conversion

process

▶ Application to hidden photon

▶ Show resulting constraints

Introduction

Motivation

Direct detection processes and kinematics

Review of magnon

Review of magnetic ordering and spin waves

Ferromagnetic material YIG

Magnon interactions with new physics

Quantum formulation (for particle physicists!)

Brief review of QUAX experiment

Our results

Evaluation of signal rate

Constraints on axion and hidden photon

7 / 23



Magnetic ordering

Consider system of spins located on a lattice

...

With spin-spin interactions [exchange interactions]

ex) 1D Heisenberg model

HHeisenberg = −J
∑
ℓ

S⃗ℓ · S⃗ℓ+1

The ground state spins are ordered:

sign of J determines magnetic properties

Ferromagnet (J > 0)

...

Non-zero magnetization

M⃗ = geµB
∑
ℓ

S⃗ℓ

(
ge ≃ 2, µB =

eℏ
2mec

)
Anti-ferromagnet (J < 0)

...

Magnetization M = 0

Ferrimagnet
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Spin wave in ferromagnet

Consider excitation from ground state of ferromagnet ⇔ spin flip

Different ways to effectively obtain single spin flip

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) : spin wave excitation favored

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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Quantum formulation of spin waves : Magnons

Consider simplest example of 1D Heisenberg model with J > 0 under external magnetic field B⃗

H = −J
∑
ℓ

S⃗ℓ · S⃗ℓ+1 − geµB
∑
i

B⃗ · S⃗ℓ,

with B⃗ = B0ẑ

Relates spin operators with creation/annihilation operators

Holstein-Primakoff transformation

S+
ℓ ≡ Sxℓ + iSyℓ =

√
2s

√
1−

c†ℓcℓ
2s

cℓ,

S−ℓ ≡ Sxℓ − iSyℓ =
√
2sc†ℓ

√
1−

c†ℓcℓ
2s

,

Szℓ = s− c†ℓcℓ,

with s being total size of spin at each lattice

Justification

Straightforward calculation will show if

[cℓ, c
†
m] = δℓm,

correct commutation relations reconstructed

[S+
ℓ , S

−
m] = 2Szℓ δℓm,

[Szℓ , S
±
m] = ±S±ℓ δℓm.

nℓ ≡ c†ℓcℓ : # of spin flips

(
∑
ℓ nℓ = # of magnons)
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Magnon dispersion relation

Substitute and pick up only quadratic terms 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

)
.

Fourier transformation

...

cℓ =
1√
N

∑
k

e−ikxℓck, c†ℓ =
1√
N

∑
k

eikxℓc†k.

The quadratic part becomes

H ≃
∑
k

[2Js(1− cos(ka))︸ ︷︷ ︸
ωk

+ geµBB0︸ ︷︷ ︸
ωL

]c†kck.

In general, need diagonalization with Bogoliubov
transformation, but no need to worry about for the
simplest model

Dispersion relation

ωL

ωk +ωL

k

−π/a π/a

4Js

∝ k 2

B= 0

B 0

ωL: Larmor frequency for

uniform spin precession

Wikipedia “Larmor precession”
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Acoustic magnon mode as a Nambu-Goldstone Boson (NGB)

Global symmetry of Hamiltonian : SO(3)

H = −J
∑
ℓ

S⃗ℓ · S⃗ℓ+1, (B⃗ = 0)

Global symmetry of GS : SO(2) around z-axis

SSB breaks 2 symmetries out of 3 in SO(3)

NGB in ferromagnet

...〈
Stot
z

〉
≡
〈
0
∣∣Stot

z

∣∣ 0〉 ̸= 0

1 Type-II NGB# with ωk ∼ k2 at k → 0

NGB in anti-ferromagnet

...〈
Stot
z

〉
= 0

2 Type-I NGBs# with ωk ∼ k at k → 0

∝ k

ωk

k

−π/a π/a

4Js

∝ k 2

Type I
Type II

Correct number counting of NGBs in non-relativistic

system and their k → 0 behavior

# Y. Hidaka ’12, H. Watanabe and H. Murayama ’12
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Acoustic magnon mode as a Nambu-Goldstone Boson (NGB)

Softly broken SO(3)

H = −J
∑
ℓ

S⃗ℓ · S⃗ℓ+1 +
∑
ℓ

B⃗ · S⃗ℓ

Global symmetry of GS : SO(2) around z-axis

SSB breaks 2 symmetries out of 3 in SO(3)

NGB in ferromagnet

...〈
Stot
z

〉
≡
〈
0
∣∣Stot

z

∣∣ 0〉 ̸= 0

1 Type-II NGB# with ωk ∼ k2 at k → 0

NGB in anti-ferromagnet

...〈
Stot
z

〉
= 0

2 Type-I NGBs# with ωk ∼ k at k → 0

ωL
k

−π/a π/a

4Js

Type II (B 0)

Type I (B 0)

Correct number counting of NGBs in non-relativistic

system and their k → 0 behavior

# Y. Hidaka ’12, H. Watanabe and H. Murayama ’12

12 / 23



Yttrium Iron Garnet (YIG)

YIG: Y3Fe2(FeO4)3

a) unit cell with Y, Fe3+, Fe3+, O

b) magnetic unit cell

Unpaired electrons in Fe3+ are localized at lat-

tice points and contribute to magnetic property

of YIG

Ferromagnet (in a broad sence) with M =

38 emu/g at T = 0K

Features of YIG

− High critical temperature Tc = 559K and low damping rate of magnons;

long history and deep understanding

− (Seems to be) benefited from recent huge development of spintronics
13 / 23



Magnon branches in YIG

(# of spin cites in magnetic unit cell)

⇕
(# of magnon branches)

YIG contains 20 Fe3+s in magnetic unit cell, and

thus has 20 magnon branches

Magnon branches

▶ 1 (ungapped) acoustic magnon (NGB)

▶ 19 (gapped) optical magnons

Typical scales

▶ Typical momentum ≲ 2π/a ∼ keV

▶ Typical energy 1–100meV

▶ ωL ∼ O(0.1)meV for B0 ∼ O(1)T

Can control and scan gap energy ωL

T. Trickle+ ’1914 / 23
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New physics couple with electron spins

Axion-electron spin coupling

Assume axion-electron coupling

Lint =
1

2fa
(∂µa)ψ̄γ

µγ5ψ. (⋆)

Schematic relation between spinor part and

electron spin density operator

ψ̄γ0γ5ψ ∼ O(p⃗/me),

ψ̄γiγ5ψ ∼ 2Si.

Substituting them in local interaction term (⋆),

we obtain

Hint =
1

fa

∑
ℓ

∇a(x⃗ℓ) · S⃗ℓ.

Hidden photon-electron spin coupling

Assume hidden photon-electron coupling

Lint = ϵeHµψ̄γ
µ
ψ

∼ ϵe
[

i

2me
Hµψ̄(∂

µ −
←−
∂

µ
)ψ −

1

me
∂νHµψ̄Σ

µν
ψ

]
,

with σµν ≡ i
4
[γµ, γν ], ϵ: kinetic mixing

In non-relativistic environment,

ψ̄Σijψ ∼ −2iϵijkSk.

We obtain

Hint =
ϵe

me

∑
ℓ

(∇× H⃗)(x⃗ℓ) · S⃗ℓ.

▶ S⃗ℓ contains magnon operators and Hint leads to DM-magnon interaction
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Axion-magnon coupling

Hint =
1
fa

∑
ℓ∇a(x⃗ℓ) · S⃗ℓ

▶ Treat axion as a classical background

a(x⃗, t) = a0 cos(mat−mav⃗a · x⃗+ δ).

▶ Rewrite S⃗ℓ by magnon operators

Hint ≃ sin(mat+ δ)

(√
sN

2

maa0v
+
a

fa
c†
k⃗=0

+ h.c.

)
,

with v+a ≡ vxa ± ivya

Interpretation

▶ Uniformity of axion BG

(mava)
−1 ∼ O(1)m ≫ (YIG size) leads to

excitation only of Kittel mode with k⃗ = 0

▶ Coherent interaction with N spins results in

Hint ∝
√
N

By the way

Non-linearlity of Holstein-Primakoff

transformation may lead to multiple interactions

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+�

16 / 23



QUAX experiment

QUAX is an axion haloscope experiment with YIG sphere inserted

axion magnon

q = (0, ωL = ma)

Setup

▶ Consider axion-Kittel mode conversion

▶ Set B0 ∼ 1.7T to obtain ωL ∼ 0.2meV

▶ By scanning B0, search for axion with ma around

O(0.1)meV

R. Barbieri+ ’16 QUAX proposal
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Evaluation of signal rate

Our problem to solve

Obtain transition rate from vacuum |0⟩ to |1⟩
▶ c0 |0⟩ = 0, c†0 |0⟩ = |1⟩,

of the system governed by

H0 = ωLc
†
0c0,

Hint = sin(mat+ δ)
(
V c†0 + h.c.

)
.

Transition probability

Start from |ψ(t = 0)⟩ = |0⟩, solve

i∂t |ψ(t)⟩ = (H0 +Hint) |ψ(t)⟩

We obtain formula of transition rate

P (t) ≡ |⟨1 |ψ(t)⟩|2

Note that limt→∞ P (t) ∝ δ(ωL −ma)

Limitation on t

▶ Axion coherence time τa ∼ (mav
2
a)
−1

▶ Magnon dissipation time 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)

▶ Huge enhancement of P (τ) at ωL ≃ ma
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Evaluation of signal rate

QUAX has 50% magnon detection efficiency: signal rate is

dNsignal

dt
=

P (τ)

2τ

∣∣∣∣
ωL=ma

Axion signal rate

dNsignal

dt
≃ 0.025 s−1

(
1010 GeV

fa

)2 (
MYIG

1 kg

)( va

10−3

)2
(

τ

2µs

)(
sin2 θ

1/2

)
,

Hidden photon signal rate

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

)
,

Interpretation

Small signal rate, better using quantum calculation than classical

one? (though results coincide with each other)
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Results

▶ Estimate sensitivity requiring signal-to-noise ratio > 3

▶ Thermal noise domination Tnoise ≃ Tcav = 1, 0.1K

▶ Fix total observation time, change time interval for each scan Tobs = 103−4 s

-4 -3 -2 -1 0
log10(ma/eV)

-15

-14

-13

-12

-11

-10

lo
g 1

0|g
ae

e|

solar searches

red giants
white dwarfs

DFSZ

axion-magnon conversion

Tobs = 103 s, Tcav = 1 K
Tobs = 104 s, Tcav = 1 K
Tobs = 103 s, Tcav = 0.1 K
Tobs = 104 s, Tcav = 0.1 K

-7 -6 -5 -4 -3 -2 -1
log10(mH/eV)

-19

-17

-15

-13

-11

-9

-7

lo
g 1

0

Dirac,
= 2.5 meV

Dirac, = 0

hidden photon-magnon conversion

Tobs = 103 s, Tcav = 1 K
Tobs = 104 s, Tcav = 1 K
Tobs = 103 s, Tcav = 0.1 K
Tobs = 104 s, Tcav = 0.1 K
polar material

▶ (Most optimistic setup) can probe DFSZ axion parameter region

▶ Large mass region, Boltzmann suppression of thermal noise and high sensitivity

▶ Possibility to search for large mass region: need larger magnetic field

▶ Possibility to search for small mass region: need larger cavity, noise suppression 20 / 23



Magnon detection with cavity (QUAX method)

Resonator (cavity) mode of photon

ωcav =
π

L
∼ O(0.1)meV ×

(
1 cm

L

)
Hybridization (mixing)

Cavity mode (photon)-magnon interaction induced by

HBS = geµB
∑
ℓ

B⃗cav(x⃗ℓ) · S⃗ℓ(a+ a†),

Hamiltonian of cavity mode and Kittel mode

Hcm =
(
a† c†0

)(ωcav gcm

gcm ωL

)(
a

c0

)
,

G. Flower+ ’18

with a and a† operators of cavity mode
Coil current  I (mA)

Fr
eq

ue
nc

y 
 (G

H
z)

0.0

0.4

0.8

1.2

1.6

10.4
Frequency  (GHz)

Transm
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10.4

10.5

10.6

10.7

Cavity mode

Kitte
l m

od
e

a) b) c)
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 (M
H
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0

1

2

3

0.01 0.1 1 10

Y. Tabuchi+ ’15

▶ Maximal mixing when ωcav = ωL and 1/2 of magnons converted to cavity mode

▶ Hard work to tune B0 and cavity size coherently when scanning ma
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Magnon detection with Transition Edge Sensor (TES)

!"#$

%&'()*+,$

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

)345678+$
695'()3:$

#;-$

<=$

=$

/>)1?$

Wikipedia “TES”

Use superconductor just below critical temperature TC to detect heat

▶ Thanks to recent great progress of the field, possible to apply for magnon detection?

▶ No need to scan cavity size

▶ Need to lower energy threshold (currently O(10)meV)
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Discussion and conclusion

Our achievements

▶ Quantum formulation (easy to understand for particle physicists) of DM-magnon conversion process

Applicable to other DM candidates, other processes

▶ Application to hidden photon

One example of application

▶ Show resulting constraints

Axion haloscope measures aγγ coupling, while ferromagnetic axion detector measures aee coupling

Useful for (axion) model discrimination

Thank you for listening!
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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.
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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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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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