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Detecting light boson dark matter through conversion into a magnon
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Light boson dark matter such as axion or hidden photon can be resonantly converted into a magnon in a
magnetic insulator under the magnetic field, which can be detected experimentally. We provide a quantum
mechanical formulation for the magnon event rate and show that the result is consistent with that obtained
by a classical calculation. Besides, it is pointed out that the experimental setup of the QUAX proposal for
the axion detection also works as a detector of hidden photon dark matter. It has good sensitivity in the mass
range around 1 meV, which is beyond astrophysical constraints.
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I. INTRODUCTION

Light bosonic dark matter (DM) is one of the well-
motivated frameworks of DM model [1,2]. The QCD axion
is the best-known example [3—7], but more general axionlike
particles may also be motivated from string theory [8-10].
The axionlike particle can easily have a correct relic
abundance through coherent oscillation. It has a (almost)
homogeneous field value during inflation, which eventually
becomes a coherently oscillating field when the Hubble
parameter decreases to the axion mass. It behaves as a
nonrelativistic matter thereafter. There are many experimen-
tal ideas dedicated to detecting axion DM. The cavity
haloscope [11,12] experiments including ADMX [13],
HAYSTAC [14], ORGAN [15], KLASH [16], CULTASK
[17], as well as MADMAX [18-20], ABRACADABRA
[21], and also other ideas [22-26] use the axion-photon
coupling of the form £ « aF /wF #_ while the CASPEr [27]
uses the axion-nucleon coupling, and the QUAX [28-30] is
sensitive to the axion-electron coupling. They already
exclude broad parameter regions of axion mass and coupling
constant and some of them begin to reach the parameter
regions predicted by the QCD axion.

The hidden photon is another well-motivated candidate
of DM, which is also expected to show up in the string
theory framework [31]. There are several scenarios for
hidden photon DM production with sub-eV mass scale:
production through the axionic coupling [32-34], scalar
coupling [35], cosmic strings [36], inflationary fluctuation
[37], gravitational production [38], and coherent oscillation
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[2,39,40]. There are many experiments dedicated to the
detection of hidden photon [18,41-51].

In this paper, we explore the possibility to detect axion
and hidden photon DM. In particular, the detection of light
boson DM may be possible using the ferromagnet or
ferrimagnet insulator through the magnon (i.e., electron
spin wave) excitation. Such an idea was proposed for the
axion DM detection in the QUAX proposal [28,29]. We
point out that the experimental setup of the QUAX also
works as a hidden photon DM detector. Through the small
kinetic mixing with the Standard Model (SM) photon, the
hidden photon interacts with the SM particles. The hidden
photon DM can excite the magnon in the magnetic
insulator. It can be viewed as a conversion of a hidden
photon into a magnon in the field theory language. By
applying the external magnetic field, the magnon frequency
can be tuned so that it matches the DM mass and the
conversion is kinematically accessible. We compare the
sensitivities of axion and dark photon searches using
magnon and those using cavity mode of the electromag-
netic wave in the QUAX-like setup.

In Sec. II, we briefly review the property of the magnon.
In particular, its dispersion relation is derived. In Sec. III,
the axion DM conversion rate into the magnon is calculated
and the experimental sensitivity is estimated. First, we
derive the axion-magnon conversion rate by a quantum
mechanical calculation, which has advantageous appli-
cability to the case with only a small number of magnons.
Then we apply the same method for the hidden photon DM
in Sec. IV. In Sec. V, we discuss another idea to use the
(proposed) axion detector as a hidden photon detector.

II. MAGNON IN FERROMAGNETIC
MATERIALS

In the insulator, the outermost electrons bounded by each
atomic cell may contribute to the magnetic properties. For
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example, in the case of the Yttrium Iron Garnet (YIG) used
for the QUAX, five electrons in the outermost orbit of each
iron atom explain its ferromagneticity. Let us start with the
Heisenberg model,

H=—gugy Z B°-5,
£
- —Z Z (J,%,U,Sfj Spy+ > D58 )

e gy af
(1)

where S ¢j 18 the total electron spin at each cell, g = 2, up =
e/(2m,) is the Bohr magneton with e and m, being the
absolute electromagnetic charge and mass of the electron,
respectively, and B’ is the external magnetic field. Here,
0 = ., N labels magnetic unit cells, while j,j =
1, ..., n labels atomic cells inside a magnetic unit cell. Note
that the indices j, j’ can also be viewed as labels of the
sublattice. The interaction terms proportional to J . and
D Lf;,jj, with @, f being the vector indices are called the
exchange and dipole interactions, respectively. Hereafter,
we neglect dipole interaction since it is typically much
smaller than the exchange interaction.

In some species of ferromagnetic materials including the
YIG and many other ferrimagnetic insulators, electrons
belonging to different sublattices have different directions
to which their spins are oriented. We introduce a local
coordinate system for each atomic cell in which the total
electron spin Ry ¢j is oriented to the z direction in the ground
state. Besides, we introduce n rotation matrices R;’/ with
which we can relate local and global coordinate systems as

= YRYS), ®
p

Here, we define the global coordinate system such that the
magnetic moment of the material is along with the z

direction. The rotation matrices R?ﬂ are determined so that
the total energy of the system is minimized when S'ij o« &%

Thus, the explicit form of Rj’ﬁ depends on the details of the
material, namely, the relative size and sign of exchange
interactions J sz

It is convenient to consider fluctuations around the
ground state with creation and annihilation operators
introduced by the Holstein-Primakoff transformation,

ijij

Sy =85 +1iS)=1/2 Cojs (3)
Sj
/— Ix C;L/ij
=57 = /25, cfj , (4)
2s,
g =s;— z:;jafj, (5)

where s; is the total spin at each cite belonging to the

sublattice j, which takes a universal value of 5/2 for the
YIG, and

[Z‘fjv E;/]/] = 5ff16jj/‘ (6)

One can easily recover the correct commutation relations
[Sf/’ £ ;] 2S éffla'j/ and [Sfl’ Sf’ /] :I:S 5ff/5 i
Let us Fourier expand the creation and annlhllatlon
operators as

Coj= \/"Ze_lkx/’cjk &= \/"Zelkx/’c e ()

kel1BZ kelBZ

where X,; = X, + X; is the position of the atomic cite
labeled by # and j with X, and X; being the position of the
center of the Zth magnetic unit cell and that of the jth atom
measured from the center, and

+
[Cj.l‘c” C./",E] 51/5];7(‘ (8)

Hereafter, the summation of k is taken over by the first
Brillouin zone (1BZ) associated with magnetic unit cells.
Noting the equation

Zeilz(ff—ff’> =Ny,

k

zf:ei(i—/?).ff :NZ:5E—I?,G’
G

with the sum of the vector G taken over by all the reciprocal
vectors, the inverse transformation is given by

1 o ¢
. E ik-Xpi = _ E —ik-i,; =t
YN 7 “ e '?_ \/_ em ity (10)

Using the above relations, we can rewrite the
Hamiltonian in a convenient form. Terms quadratic in

Cix and CT]; represent the free Hamiltonian of the magnon,
Js Js

as soon shown below, and higher order terms represent its

self-interactions. Note that, under the existence of nonzero

af

e

are terms of the form of c¢.c,~» and cT ACT, - in the
Jk= K Jk j Lk

matrix element R, R or dipole interaction D there

quadratic part of the Hamiltonian. Thus, we perform a
Bogoliubov transformation to go to the canonical basis,

c - ;
Jjk uy Ur Yok
ik & k) Tk

'Note that the unique contribution to the calculation through-
out this paper comes from G = 0 since the sum over the magnon
momentum covers only the first Brillouin zone.
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where up = {u;,;} and vy = {v; ;} are n x n matrices
with v labeling n different excitation modes. By choosing

proper matrices u; and v, we diagonalize the quadratic

part of the Hamiltonian, which we denote by Hf)”, as

H(<)7> = Z Z a)l/’];y;];ypj. (12)
:

Thus, y, z and yi/? represent the annihilation and creation

operators of a quanta around the ground state, which is
called magnon, and w, ; denotes the dispersion relation of

the magnon mode v. In general, the magnon dispersion
relation is anisotropic, i.e., @ ; depends not only on |k| but

also on the direction of k [52,53].

As we will see later, only the lowest energy magnon
mode around k ~ 0 is important for our discussion. This
mode, which is a Nambu-Goldstone (NG) mode resulting
from the symmetry breaking of the spatial rotation, can be
expressed in a much simpler effective Hamiltonian. We

define the total spin operator S ¢ of the Zth magnetic unit
cell and the effective Hamiltonian,

S
Heyp = —gﬂBzBO S = EZS,,’ “Ser, (13)
¢ £t

where the second sum is taken over the adjacent cells. The
above effective Hamiltonian describes the NG mode as the
unique magnon mode. We can consider the Holstein-
Primakoff transformation of the total spin operator as

-
ehe,
S7 =8 —iSy = Vasepy[1 -2, (15)
S
fp :S—E‘;Ef, (16)
with
[0, €] = 87 (17)

Here, s is the size of the total spin of electrons inside a

magnetic unit cell. With Fourier expanding ¢, and E; as
Eq. (7), we can see that the quadratic part of H, which we
call free Hamiltonian, is given by

Hy=Y" {a}L +2J5) (1 —cos(k- ap))} clep

k r

k
=S weeles, (18)
k

where w; = gugB? is the Larmor frequency with B?
being the z component of the magnetic field B°, and a,
(p =1, 2, 3) are fundamental translation vectors that
generate magnetic unit cells. For the YIG, we can use
s = 10 and J = 0.35 meV, and the magnetic unit cell is a
cube with L = |a,| = |@,| = |ds| = 12.56 A [54].

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

2

w; 2w+ JsL*k = oy o (19)

with k = |/€| Note that this mode is the so-called type II
Nambu-Goldstone boson according to the classification
proposed in [55,56] and thus w; o k* when BY = 0. The
ferromagneticity of the material is responsible for this
classification; the commutator of generators of two broken
symmetries, e.g., the rotation around x and y axes in the
global coordinate, is proportional to the angular momentum
operator along the z axis, which possesses a nonzero
expectation value at the ground state. This means that
two broken generators are dependent on each other, which
results in only one type II Nambu-Goldstone boson.

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

0 BO
Sa12x 107* eV <ﬁ) (20)

me

eB

@y =

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

III. AXION CONVERSION INTO MAGNON

First, we consider the case of axion DM which interacts
with the electron and calculate the axion-magnon conver-
sion 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

*Reference [57] considered DM scattering with an electron as
an excitation process of magnon. It may be interpreted as the
magnon emission by DM. On the other hand, we consider DM
absorption by the electron, which may be regarded as the DM
conversion into a magnon. In the latter case, it is essential to apply
the magnetic field to control the gap of the magnon dispersion
relation.
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with a slightly different manner has been done in Ref. [58],
and the result is also consistent with ours. An advantage of
the quantum mechanical calculation 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.

A. Formulation

The axion (denoted by a) is assumed to interact with the
electron, as in the Dine-Fischler-Srednicki-Zhitnitsky
(DFSZ) model [59,60] or the flaxion/axiflavon [61,62].
The Lagrangian density is

1 1
L= 3 (0,a)* - Emﬁaz +y(id —m,)y
d,a
“HE vy, 21
NETRAEA (21)

where y 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

1 - S
Hip = }Zva(xf) “Se (22)
z

where 3} is the electron spin at each cite £ (see the
Appendix A).

Below we treat the axion as a classical background
described by

a(X,t) = agcos(myt —m,v, - X +6), (23)

with v, < 1. This treatment is valid within the axion
coherence time 7, ~ (m,v2)~!. Note that m,ay = /2ppm.
with ppy ~ 0.3 GeV/cm? 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

mgqapv,
Hiy =

>7e, Sysin(mur+8).  (24)
4

where ¢, is the unit vector pointing to the direction of 7.
At the first order in the magnon creation or annihilation
operator, we obtain

myag sin(myt + 6) /s . B
by = D) o507+ i)

= sin(m,t + 8)(V*eo + V), (25)

where we used the fact that (m,v,)”" is expected to be
much larger than the size of the ferromagnetic material. In
addition, we define

, N maqvg
vE=oltin), V= %’”‘}0” . (26)

with choosing the direction of S’f in the ground state as

the z axis. Note that only k=0 magnon mode contributes
to H;, evaluated at the first order because of the approx-
imately homogeneous nature of the axion background
compared with the material size. The total magnon-axion
Hamiltonian is

H=Hy+ Hyy, (27)

where the magnon free Hamiltonian H, is given in Eq. (18).
Now let us estimate the axion-magnon conversion rate
based on the Hamiltonian derived above. For the axion-
magnon conversion, only the k ~ 0 mode matters since the
axion momentum is negligible compared with its mass. The
magnon has a dispersion relation w, = w; + k*/(2M) and
w; is chosen such that w; ~m,. The system can be
approximated by a two-level system: the ground state
|0) and the excited state |1) which are defined by c;|0).
In principle, there are higher excited states (c;)"|0) (n > 2),
but the probability to reach to these states is negligibly
small for the situation of our interest. The quantum state
lw(#)) is, in general, a linear superposition of them,

w (1)) = ap(1)[0) + e (2)[1). (28)

The initial condition is taken to be ay(+=0) =1 and
a,(t = 0) = 0. The Schrodinger equation is

.0
i, () = (Ho + Hin) Iy (1)) (29)
It is convenient to go to the interaction picture: let us

define |¢(¢)) = ey (¢)). Then the Schrédinger equation
becomes

i 100) = M Helg0). (30)

From this, we obtain the differential equation,
idg = V*sin(mgt + 8)ay, (31)
iy = wpa; + Vsin(m,t + 8)ag. (32)

Assuming |V| < @;, which is valid in parameters of our
interest, it is solved as
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a (1) =~

A% ei(‘}(ma _ G)L)<€im“t _ e—ith) + e—ir‘i(ma + O)L)(e_im“t _ e—ia)Lt) (33)
2 m: — w? )
[
e
M(T)Mtarget =g5—SN, (39)

The probability that we find the state |1) at time ¢ is given
by P(t) = |a;()|% Clearly, the probability is enhanced for
w; ~ m,. In this case, we have

|V|2[2

P =1

(34)

The excited magnon is detected through its coupling to the
cavity photon. In the QUAX setup, the cavity photon mode
is chosen such that the cavity frequency w,,, coincides with
;.. In this case, the hybridization (or the mixing) between
the cavity and the Kittel mode takes place, and the magnon
should be regarded rather as a polariton (or “magnon
polariton”) [63-65]. By including the cavity mode and
focusing only on the zero mode, the Hamiltonian is given by

H= a)chco + @eayb b + gom (b ey + cgb), (35)

= (a)L + gcm)clc+ + (a)L - gcm)cic—’ (36)

where b" (b) is the creation (annihilation) operator of the
cavity mode, g, represents the cavity-magnon coupling
rate,’c, = (¢ & b)/+/2, and we have taken @; = @, in
the last line. Thus, two modes are maximally mixed and all
the energy eigenstates are generated by one-to-one super-
position of b and cg. Accordingly, when many magnon
modes are excited, half of them are detected as a cavity mode
after their propagation. Thus, the power obtained by the
transition is given by

dEsignal _ a)LP(t) _ a)L|V|2t
dt 2t 8

It is consistent with classical calculation in [29] (see also
Appendix B). Note that ¢ is limited by the axion coherence
time 7, or the magnon-polariton relaxation time z,, (due to
spin-lattice and spin-spin interactions and dissipation of
cavity mode), whichever is smaller determines the effective
coherence time through 7 = min|z,, 7,,]. The event rate is
then

(37)

{stignal] _P(r) _ |V|27_SNPDM(UZZ+UZZ)T (38)
spin

dr 2t 8 4 Iz

To derive more convenient expression, we convert the factor
sN to the target mass M, through

The photon-magnon mixing comes from the dipole inter-
action H = —gupy.,B(X;)-S,. The mixing parameter is

roughly given by gey, ~ grpV2sN Vc_azv/ 3 where V. 1S the cavity
volume. In the QUAX setup, @w; > gem-

2m

where M (T') is the magnetization of the target. Hereafter, we
assume the target material to be YIG at temperature 7 ~
100 mK according to the QUAX proposal, which yields
M ~ 38 emu/g [54]. Substituting all the above, we obtain

|:stignal:| ~0.05 Sil <Mtarget> <1010 GCV>2
dt spin 1 kg f

T v, \2.
“(57) (Gots) se o)

where 0 is the angle between ¥, and z direction.

B. Sensitivity

So far, we have discussed the axion-spin interaction. One
should note that the cavity setup also works as a standard
haloscope [11,12] if the axion has a Chern-Simons cou-
pling like

a, a

ay@?

a, d =

F, v =cC B-E,  (41)

L=-C de
w o f

where FW = ¢t F /2, @, is the electromagnetic fine
structure constant and C,, is an O(1) model-dependent
coupling constant. The background DM axion generates
the cavity mode under the applied magnetic field. The
photon event rate is estimated as [11,12]

dN gonal Cya 2PDMB2 ;
{ SIgnd] = ( r e) 2V 4y Geay Min [Tas Teav);
dt s Z”f m,

(42)

10746V (1010 GeV)\?
:7.1x10_1s_1C§,< € )( c )
m, f

By 2 . .
X _0 VCaV ng;’ Tcdv , (43)
1T 100cm 2us
where G, is an O(1) form factor which depends on a
cavity mode, V,, is the cavity volume, and 7., is the
cavity decay time.” Comparing it with [dN ggna/ dt]spm, the
signal induced by Chern-Simons coupling may not be

neglected. The relative ratio of these two signals depends
on the target mass of the ferromagnet and cavity volume.

4Generally speaking, 7 ,, can be different from z,, since the
latter includes the effect of spin relaxation time. For simplicity,
however, we take 7,, ~ 7 ,, as assumed in Ref. [29].
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axion-magnon conversion

axion-cavity mode conversion
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FIG. 1. Sensitivity plot for SNR = 3 under T, = 10 years. Left: sensitivity of the magnon detector on the axion-electron coupling
Gaee as a function of the axion mass m,. 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 T, = 10° s (green) or 10* s (blue), and the cavity
temperature is 7,, = 1 K (dark meshed) or 0.1 K (light). The orange dashed line shows the sensitivity for a realistic setup with
Tops = 10° s and T, < m,. Throughout the figure, the setup of My = 1 kg, 7 =2 ps, v, = 1073, and sin” 6 = 0.5 is assumed.
Besides, the gray regions show the parameter region already excluded by other searches and the yellow region and the black solid line
correspond to the prediction of the DFSZ model with 0.28 < tan # < 140 and that of the KSVZ model, respectively. Right: sensitivity of

the cavity detector on the axion-photon coupling g,,, as a function of m,,. Similar to the left panel, the green and blue regions and orange

lines show the sensitivities with By = 1 T, V., Geay = 100 cm?, and z.,, = 2 us. 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.

Note that the axion-spin coupling is greatly suppressed in
the Kim-Shifman-Vainshtein-Zakharov (KSVZ) axion
model [66,67], and hence in such a model only the signal
from the Chern-Simons coupling is relevant. Thus, one can
distinguish the axion model by comparing the signal with
and without insertion of the ferromagnetic material inside
the cavity.

Let us estimate the experimental sensitivity following
Ref. [29]. We evaluate the sensitivity for both an ideal setup
using a single photon counter [68,69] and a more realistic
setup using a linear amplifier. For an ideal setup, we
consider only thermal fluctuation as a source of the noise.
The noise rate is given by

dN, noise ~ 1/ Tcav
dt eXp(ma/Tcav) -1

(44)

where T, is the cavity temperature. For example, for
T.w = 116 mK, the noise rate is about dN,../dt~
1073 Hz at m, = 200 peV and 7., = 2 us. The signal-
to-noise ratio (SNR) during the observation time 7, for
each scan is given by

(stignal/dt) Tobs
V (dNnoise/dt> Tobs '

Requiring SNR ~ (afew) (below, we use SNR =3 to
evaluate the sensitivity), one obtains a minimal observation
time T, for each DM parameter. On the other hand, the
bandwidth of the magnon polariton is about Aw ~ 1 MHz,
while the effective coherence time is given by r~7, =
2/Aw ~2 us at the target axion mass m, = 200 ueV.

SNR =

(45)

Thus, the covered DM mass range during the total
observation time T (say, T ~ 10 years) is given
by Amu ~ Aw X (Ttolal/Tobs)'

On the other hand, for a realistic setup using a linear
amplifier, the size of the noise and the observation time 7'y,
determines the minimal measurable power P,,;,. According
to the Dicke radiometer equation,

Aw

Pmin =
Tobs7

(46)

Tnoise

where T 1S the noise temperature that characterizes the
size of noise in this observation. To evaluate P,;,, we
assume that the quantum noise dominates all the other
sources of noise and use Ty = a)L.S If the expected
output power from axion a)L(stignal /dt) is larger than
P in» We can detect the effect from axion using this setup.

In Fig. 1, we show the sensitivity of the magnon detector
(left) and the cavity detector (right) with the total obser-
vation of T, = 10 years. For an ideal setup, we use two
different choices of the observation time T, = 10° s and
10* s, which are shown by green and blue colors, respec-
tively. We also use two different choices of the cavity
temperature 7,, = 1 K and 0.1 K, which are shown by the
dark-meshed and the light regions, respectively. For a
realistic setup, we use the choice of T, = 10° s and

3For this assumption to be true, we should at least prepare a
sufficiently low temperature cavity with 7', < m,, to suppress the
thermal noise.
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T,y < m,, and the result is shown with an orange dashed
line. The center of the scanned region of the axion mass is
fixed to be m, = 200 pueV, and the width of the region is
given by Am, for each choice of T .

In the left panel, the sensitivity on the dimensionless
axion-electron coupling ¢,.. = m,/f is shown as a func-
tion of the axion mass m,, assuming the setup of
Moo = 1 kg, ©=2ps, v, =107, and sin’@ = 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 /3, which is the ratio between
vacuum expectation values (VEVs) of the two Higgs
doublets, within 0.28 <tanf < 140 as required by the
perturbative unitarity of Yukawa couplings [75]. By com-
paring with the right panel, 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 on the
details of the model. It opens up a possibility to distinguish
the KSVZ and DFSZ models by looking at the magnon-
induced signal, once the DM signal is discovered at the
cavity experiment.

In the right panel, the sensitivity on the axion-photon
coupling g,,, = C,,,/(2xf) is shown, assuming the setup
of By=1T, VGeay = 100 cm?, and 7.,, = 2 ps in this
case. Three shaded regions in [g,,,| = 107'° GeV~" cor-
respond to the regions excluded by existing searches;
the helioscope CAST [76], the light-shining-through-walls
(LSW) experiments such as the OSQAR [77], and the
measurement of the vacuum magnetic birefringence
at the PVLAS experiment [78]. The black dashed (solid)
line corresponds to the prediction of the DFSZ (KSVZ)
model. We can see that the predicted values of g, around
m, ~ 200 ueV are covered by the cavity detector with the
given setup.

2

Cw —SwCw

s3 —stey/\/1— €% . (52)

2 2
M = my —Swlw

IV. HIDDEN PHOTON CONVERSION
INTO MAGNON

A. Formulation

Let us consider a model with a massive hidden photon
which has a kinetic mixing with hypercharge photon. In such
a model, the hidden photon interacts with SM fields via

L LI Z NN I
— g HuH" = BB =7y B o miy H HY

L= w 4om 2

(47)

where H,, = 0,H,—0,H, with H, being the hidden
photon, B,, = 9,B, — d,B, with B, being the hypercharge
photon, and @ denotes the SM Higgs doublet. The kinetic
terms of gauge bosons are diagonalized by the following
transformation:

B, =B, —eyH,, H,=\/1-¢;H,, (48)
so that the kinetic term of the hidden photon and hyper-

charge photon and the hidden photon mass term become

£=—Lur

1 1
2Hu —BJ,B" + mFH,H", (49)

4" 2

where m3 = m?%,/(1 — €%). After the Higgs obtains a VEV,
these gauge bosons, as well as the neutral weak gauge
boson (W;), are mixed. Denoting the Higgs VEV as
v~ 174 GeV, the gauge boson mass term is given by

my 3 2 mi ”
EmaSSZT(CWWh_SWBﬂ) +7Hﬂ (50)

Here, my = (g + 97)v*/2, cw = gw/\/giy + g7, Where
sw = gy/\/ 9% + gv, gw is the weak gauge coupling and gy
is the hypercharge gauge coupling (gy = ¢/cy ). Besides,
the SM fermions (denoted as y) are neutral for the hidden
photon gauge interaction, and hence the interactions between
the SM fermions and hidden photon originate from

Line = ¥ (Qygyy*B, + Or,gwr*W;)w, (51)
where Qy is the hypercharge of yr and Q7 is the charge under

T5 rotation of SU(2).
The mass matrix in the (W3, B}, H),) basis is

swewey/\/1 — €%

swewey/ /1 —€h  —shey/\/1—eb shed /(1 —e3) +mi/m’

096013-7



CHIGUSA, MOROI, and NAKAYAMA

PHYS. REV. D 101, 096013 (2020)

Up to the first order in €y, it is diagonalized by the
following unitary transformation to go to the mass eigen-
state (Z,,A,, H),):

3

W” Cw Sw —SwCw€y le
/ ~ 2

B;t - —Sw Cw Sw€y Ay P (53)
!/ "

Hﬂ Sw€y 0 1 H/t

with the mass eigenvalues of (m%,0, m7).

After integrating out Z boson, whose mass is much larger
than the energy scale of our interest, the relevant part of the
fermion interaction can be written as

Lin D —eeQH iy yr, (54)

where Q = Qy + Oy, is the electromagnetic charge and
€ = eycy. Thus, the hidden photon effectively couples to
electromagnetic current with an effective coupling constant
ee. The interaction Hamiltonian with electron in the non-
relativistic limit is then given by

eeQ > -
Hp=-—2> B :
int m, - H(xf) S)f’7 (55)

where EH =V x H is the hidden magnetic field (see
Appendix A).
We parametrize the hidden photon background as

HO(L)_C)) = —’l_/'H'HCOS (mHt—mHﬁH-f+(5), (56)

A(t.3) = Hcos (myt — myby - % + 6) (57)

to satisfy the equation of motion ((J + m%)H = 0 and the
Lorentz condition d,H* =0. At the location of the
ferromagnetic material, the hidden electric and magnetic
fields are given by

Ey = Hmy sin (myt + 8), (58)

The DM density is given by ppy = m%H?/2.
The hidden photon-magnon interaction Hamiltonian is
written as

H R
H, = 66’1:{171”12@ - Sysingsin(myt + 65),  (60)
e 7

where ¢ denotes the angle between By and H, and & is the
unit vector of the direction of By,. It causes hidden photon-
magnon conversion under the static magnetic field as in the
case of the axion. Comparing (60) with the axion-magnon

Hamiltonian (24), we can repeat the same analysis by just
reinterpreting 1/f — ee sin¢@/m,. Thus, referring to (37),
the power obtained by this process is given by

dEgona  (€€)?wpsNppyvyt

i S sin?@sin’ g,  (61)

where 6 denotes the angle between B y and z axis. Note
again that 7 is limited by the hidden photon coherence time
or magnon relaxation time (due to spin-lattice or spin-spin
interactions), which we denote by 7. The event rate is then

2 2
dN. signal — M sinzﬁsin2(p
dt spin Sme

2 /M,
~0. 1 -5 —1 € target
9.6 x 107 s <10‘14> <1kg

2
x (%) <2iﬂs) sin2fsing, (62)

where we use the same setup like that in the previous
section to convert sN int0 Mpge;-

B. Sensitivity

So far, we have discussed the hidden photon interaction
with electron spin and its consequences for magnon
excitation. However, as in the case of axion DM, the
cavity setup itself also works as a hidden photon detector
even without magnetic material [2,41]. The background
DM hidden photon generates the cavity mode through the
kinetic mixing term, and the photon event rate is estimated
as [2]

dNy;
[ﬂ} ) = ezmeDMVcav cav min [TH’ TC&V]’ (63)
mix

di
2 14x 100 s () (-
1071/ \107* eV

VcaV gCaV TCaV
— , 64
x (100 cm3) (2 /45) (64)

where G, is an O(1) form factor which may take a
different value from the axion DM case. Comparing it with
[dN gigna1/ dt]spin, the signal induced by the mixing is
expected to be much larger than the spin-induced ones.
Note, however, that if each magnon event could be detected
in other ways, i.e, without the use of cavity, the hidden
photon interactions with spin and SM photon may be
separately confirmed, which works as strong evidence of
hidden 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.
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hidden photon-magnon conversion

-13
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FIG. 2. Sensitivity of the magnon (left) and cavity (right) detectors in the my vs € plane. We use M e = 1 kg and Ty = 10 years.
The other parameters are chosen as vy; = 1073, 7 = 2 us, and sin? @ = sin> ¢ = 1/2. The green and blue colors correspond to an ideal
setup case with (SNR) = 3 and T, = 10° s and 10* s, respectively, and the dark-meshed and the light regions show those with
T, = 1 Kand 0.1 K, respectively. The orange dashed lines correspond to a realistic setup with T, = 10° s and T, < m,. 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.

Let us estimate the experimental sensitivity as done in
Sec. III B. In Fig. 2, we show the sensitivity of the magnon
(left) and the cavity (right) detectors on the hidden photon
with Mg = 1 kg and Ty = 10 years. The center of the
scan is fixed to be my = 200 peV. To derive the sensitivity,
we use the parameter choices vy = 1073, 7 =2 us, and
sin? @ = sin? ¢ = 1/2. For an ideal setup, we again use two
different choices of the observation time T, = 10° s
(green) and 10* s (blue), while the dark-meshed and light
regions show the sensitivities with 7., =1 K and
T,y = 0.1 K, respectively. The orange dashed lines show
the sensitivities of a realistic setup with 7, = 10° s and
T < m,. Also shown in gray color is the parameter
region already excluded [79]; this includes constraints from
spectral distortions [2], modifications to N [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 A =25 meV (A =0)
[48], while the light green dotted line is an extrapolation
of the sensitivity assuming that the electron excitation with
energy of O(10™*) 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 7T
than the canonical value adopted in the QUAX proposal, a
much stronger bound on the kinetic mixing e is obtained
than the existing ones. For models with kinetic mixing
between the photon and hidden photon DM, we can see that
the cavity mode can cover a larger parameter region. It is
notable that the magnon mode can also reach a parameter
region which has not been explored yet. If one can separate
the cavity signal and magnon-induced signal, it is in
principle possible that the hidden photon DM scenario is

confirmed by looking at the ratio of both the signals,
although it might be challenging due to the weakness of the
magnon signal.

Although we have fixed the central value of my for the
scan to be 200 ueV, the choice of this value is not
mandatory. The mass range to which this search method
can be applied is estimated as follows. As for the heavier
region, the strength of the magnetic field will put an upper
bound on the applicability. The hidden photon mass of
200 ueV already corresponds to the magnetic field of 1.7 T,
which should be amplified linearly as considering heavier
mass. Thus, a few times 10~* eV is considered to be the
largest mass that can practically be probed. On the other
hand, for the lighter region, the energy deposited to the
detector from the hidden photon becomes comparable to
the thermal noise when my ~ 107> eV. This lower bound,
however, may be loosened by further cooling the detector,
though larger cavity may be needed to detect magnon
polariton as a final state particle.

So far, we have seen that the cavity mode has a better
sensitivity than the magnon mode if the coupling to the
hidden photon is dominated by the kinetic mixing given in
Eq. (47). This conclusion is, however, model dependent.
For example, one can consider a model where the electron
has only the magnetic interaction with the hidden photon,

c=-tuam e e L
B S R

m
+ ﬁ; J/G/wwHﬂyﬂ (65)

with some cutoff scale M. In this case, the magnon-induced
photon is practically the only possible signal and the
strongest constraint on €, which is now reinterpreted as

096013-9



CHIGUSA, MOROI, and NAKAYAMA

PHYS. REV. D 101, 096013 (2020)

the effective interaction strength m,/M?, may be obtained
from the magnon excitation.

V. CONCLUSIONS AND DISCUSSION

We have shown that the light boson DM (axion and
hidden photon) can be converted into magnon and it can be
used as a DM detection method. Such an idea was given in
the QUAX proposal [29] for the axion DM detection and
we have shown that a similar process happens for the
hidden photon DM. A key observation is that the hidden
photon has a magnetic interaction with electrons, which
induces a spin wave or the magnon in the ferromagnetic/
ferrimagnetic insulator. Since the magnon dispersion rela-
tion can be adjusted by applying the external magnetic
field, one can scan the hidden photon DM mass.
Unfortunately, such a spin-induced signal is smaller than
the conventional hidden photon to SM conversion in the
cavity, but it can be used to distinguish the axion DM
(DFSZ or flaxion model) and hidden photon DM since
the former predicts relatively large signal from the
DM-magnon interaction.

Below we comment on ideas of hidden photon
DM detection in the condensed-matter system.
References [44,45] considered superconductor and semi-
conductor as a target material. The hidden photon is
absorbed by electrons in the conducting band and it
emits thg (acoustic) phonon; hence, it is a scattering
process H + e — P + e, where P denotes the phonon.
References [47,49] also considered the hidden photon
absorption by polar material, which has gapped optical
phonon modes. It may be regarded as a hidden photon
conversion process into an optical phonon, followed by the
dissipation of the optical phonon. On the other hand, we
focused on the hidden photon conversion into magnon in a
ferromagnetic or ferrimagnetic insulator.

We have only considered resonant conversion into the
magnon. It is rather regarded as a magnon polariton, so that
the magnon effectively induces a cavity photon mode [29].
‘While the conversion rate is enhanced, one drawback of this
idea is that it takes a long time to scan the wide range of DM
mass. It is in principle possible that the magnon decays into
several quanta, such as two magnons [83,84] or magnon plus
phonon [85]. Multiphonon processes in the context of light
DM detection was discussed in Refs. [86-88] for superfluid
helium target and in Ref. [89] for crystal target. In such a
case, the kinematical constraint is weakened and wide mass
range may be covered while the excitation rate is suppressed.
We keep a detailed study of this issue as a future work [90].

Here we point out that other ideas for axion DM
detection may also be used as a hidden photon detector.
In Ref. [22], a novel method to detect axion DM was
proposed using the topological antiferromagnet insulator.
The axion is assumed to have an interaction with photon
through the Chern-Simons term like (41). In a topological
magnetic insulator, the magnon may also have a similar

Chern-Simons coupling to the photon [91]. Under the
applied magnetic field, the background DM axion is
converted into the electric field. It is again converted into
the magnon under the magnetic field, which induces
photon emission due to the boundary effect. By choosing
the magnetic field appropriately, the intermediate magnon
hits the resonance to enhance the signal. Notably, the same
idea also applies to the hidden photon DM. The hidden
photon DM is converted to the electric field through the
kinetic mixing,

-

¢ E, E—By-B).  (66)

E = EH.“VF”D = —G(EH

Given |E | > |§H|, the hidden photon DM mainly pro-
duces electric fields. Then it is converted into the magnon
under the magnetic field, as explained above.’ Comparing
(41) with (66), one obtains a sensitivity on the kinetic
mixing parameter ¢ by replacing the sensitivity on (m,, f)
obtained in Ref. [22] through the correspondence,

A, BO
T2xm,f

10'° GeV\ /1 meV\ / B
gleo—”cw( 7 © )( Ze ><ﬁ> (67)

where By is the applied magnetic field. Thus, it may have a
very good sensitivity on the hidden photon DM. We will
also come back to this issue in a separate publication.
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APPENDIX A: EFFECTIVE HAMILTONIAN
OF MAGNON

Here, we derive the magnon couplings to axion and
hidden photon, starting from the Lorentz-invariant quantum
field theory (QFT). Let us denote the electron field operator
in the QFT as

a? ‘
I/I(X) = /ﬁ;aﬁs“ﬁ,xeﬂm, (A])

where py = \/p*> + m2 and

\/p0+ms )

u;,,s = ( - o (A2)
VPo—me, o)

®In the mass eigenstate basis H},, one can interpret the same
process as a result of direct interaction of the magnon with the
photon and hidden photon through the Chern-Simons term.
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with ¢, denoting the unit vector pointing to the direction of
p, and y, = (1,007 or (0,1)T. (We adopt the Dirac
representation of the y matrices.) Besides, the creation
and annihilation operators of the electron are denoted as
a;; and aa ,» Tespectively, which satisfy {aps,a;, =
(27)38(p — p')8,y. We are interested in the system con-
taining only the electron, so we neglect the positron degrees
freedom. Concentrating on nonrelativistic degrees of free-
dom, the spin operator in the QFT is given by

S(QFT) _

(271' 3 Z P, 4P, s’)(saxx (A3)

Notice that the spin operator given above satisfies the
relevant commutation relations.

We expect that the total spin operator in the QFT is
matched to that in the Heisenberg model as

§(QFT> g ng
4

Hereafter, we derive the effective interaction of the magnon
using this matching condition as well as assuming the
locality of the interaction.

In the model with the hidden photon, the magnon
couples to the hidden photon via the kinetic mixing with
the hypercharge photon given in Eq. (47). Because we are
interested in the energy scale much lower than the electron
mass, we can concentrate on the effective field theory that
contains only nonrelativistic electron, photon, and hidden
photon. In such a case, the only relevant interaction of the
hidden photon with the electron is from the mixing of the
hidden photon with the ordinary photon and is given by

(A4)

L = —eeQH, yy'y, (AS)

where Q is the charge of the electron (in units of ¢) and
€ = eycy. Then, we can find

(27)? (27)3

eeQ

int ijk
2m, "

Px

+e | d®xH J*, A6
u
where
&p &Pp’ L
0 — T i(p—p')x
= —eQ/ (277:)3 (2n’)3 aﬁ,saﬁ/»e (p=r') s (A7)
d3 / g = ) ,
E Q/ p p2+p ;Yaﬁfise’(”_p )x. (AS)
m, . '

The first term of the right-hand side gives the coupling of
magnon to the hidden photon. Assuming the locality of the
interaction, and using the (discrete) translational invariance
of the system, we expect that the effective interaction
between the spin (i.e., magnon) and the hidden photon
contains the following term:

€€
mt Q ZBH Sf’ (A9)

with B  being the hidden magnetic field. The second term
of the right-hand side of Eq. (A6) is the coupling of the
(ordinary) current with the vector potential of the hidden
photon. So far, we have concentrated on the coupling
between the hidden photon and the electron. The hidden
photon coupling to the nucleon can be also derived
similarly. The nucleon counterpart of the second term of
Eq. (A6) may cause the hidden photon-phonon conversion.
However, it is not kinematically allowed unless the (opti-
cal) phonon energy gap happens to be close to the hidden
photon mass. The hidden photon absorption by polar
material was considered in Refs. [47,49] for the mass
range of 1072 — 107! eV. We consider lighter DM mass
region around meV, so we neglect such an effect.”

The magnon-axion coupling originates from the axion-
electron interaction [see the last term of Eq. (21)]. Using the
fact that, in the nonrelativistic limit,

SO0 5 / dExipyysw. (A10)

we obtain the coupling of an axion to a magnon as

mt E va xt’

(A11)

APPENDIX B: CLASSICAL CALCULATION
OF CONVERSION RATE

Let us reproduce the same result with classical calcu-
lation [29]. We treat the magnetization M of the material as
a classical magnetic moment and study its motion under the
classical axion background. Neglecting damping effects
due to radiation, spin-spin, or spin-lattice interactions, the
classical equation of motion is given by

M=jixB,  B=B% +B, (Bl
mL‘
We find

7Absorption of hidden photon DM as light as meV by the
Dirac material was considered in Ref. [48].
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eM

M, +a?M, =—= (0, B¢ — B)), (B2)
me

. eM .

M, +wiM, = (@B + By). (B3)

e

We can rewrite these equations by using M. =M, +iM, as

_esNm2agv™
— e

M, +aoiM, =i —ilmat+9) - (B4)

me
2 —
M_+wlM_ = _; ESNMaa0V™ i rv0) (BS)
me
The solution is
Iy l'f/e—i(maH»&)
f) = ——
="
. m, .
X {—1 + e'™al (cos(th) - l—sm(a)Lt)>}
wy,
iV sin(w; t) sin &
+ ( L) ) (B6)

m,@j,

where

7 = esNmaagvg (B7)
m.f
Taking the limit w; = m,, we obtain
iVite—i(mat+o) iV*tei(mat+9)
M, (t)————, M_()x——F——  (B8)

2m, 2m,

for m,t > 1. The power obtained by the axion wind is then
estimated as

dE,, d - -

=M _"(B-M

dt dt( )
sNppuma (v + i)t

sin?(m,t + 6).
f? ‘

(B9)

After averaging sin?(m,t+68) = 1/2, it is consistent
with (37).
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