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Today’s topics:

=) Basics of axion/dark-photon

Axion/dark photon search

With magnon [Chigusa, Moroi, KN (2020)]

With condensed-matter axion

[Chigusa, Moroi, KN (2021)]



QCD axion

® Strong CP problem in QCD

2

L =075 G, GH° f <10~'Y from neutron EDM

327 *

® Axion with coupling to QCD
2

gs @ ~ . % 0 d icall

[ — G GHe 0 — (0 dynamically
327T2 Fa g Fa Peccei, Quinn (1977)

® Axion is Goldstone boson with spontaneous U(1) breaking (PQ symmetry)

_ [Kim (1979),
KSVZ model: L = |6¢|2 + ()\¢QQ + hC) — V(‘¢D Shifman, Vainstein, Zakharov (1980)]

DFSZ model: £ = [9¢|* + (ju¢H,Hy + h.c.) — V(|@|,| H[) [PneFechler Sredricii (1981)

: : [Ema, Hamaguchi, Moroi, KN (2016),
Flaxion/axiflavon Calibbi, Goertz, Redigolo, Ziegler, Zupan (2016) ]



QCD axion & axion-like particle (ALP)

® QCD axion

e motivated by strong CP problem & dark matter

. 1012 GeV
¢ mass & coupling are related:  mq ~ 6 peV ( 7 )
e coupling to quark/gluon: [ — gs G GHva L= a”aq‘v“%q
3272 f, M Ja

® Axion-like particle (ALP)

e motivated by string theory (axiverse) & dark matter [Arvanitaki etal., (2009) ]

e mass & coupling are arbitrary

e coupling to photon: L = gZ”aFWﬁW - rich phenomenology



Constraints on axion-photon coupling
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Axion dark matter ()

® Coherent oscillation
[Preskill, Wise, Wilczek (1983), Abbott, Sikivie (1983), Dine Fischler (1983)]

® Equation of motion of axion

9V
i+ 3Ha+ — =0 ¢

86:( a) \/

I3 1.19 A
. ion: Quh% = 0.18 67 ( : ) ( )
For QLD axion: '\102Gev/  \400MeV




Axion dark matter (2)

® Topological defects
o PQ symmetry breaking
after inflation

string-wall network
decay at QCD

— axion emission

—

[Hiramatsu et al, (2010) ]

400MeV

o Recent discussions on Gorghetto et al. (2018), Kawasaki et al (2018), Klaer, Moore (2019),
scaling law of global string: Hindmarsh et al. (2019), Buschmann et al. (2021) ]



Dark photon

® Parametrized by mass & kinetic mixing

1 1 1
L=—-F,,F"
4" 4
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® Motivated by string theory & dark matter [Goodsell, Jaeckel, Redondo, Ringwald (2009) ]
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Constraints on kinetic mixing dark photon photon

Through kinetic mixing, dark photon interacts with ordinary matter. /\/\/\/\/\/
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Dark photon dark matter

[Nelson, Scholtz (201 1), Arias et al. (2012)]

® Coherent oscillation

Serious theoretical/observational problems [KN (2019), KN (2020)]

string tension today: p(to)"? [GeV]

® Gravitational production

1010 1011 1012 1013 1014 1015 1016 1017

Inflationary fluctuation mu 2 1peV IR o
[Graham, Mardon, Rajendran (2015)] i K - roducion
- %
Gravitational production during reheating ;| S
2 10-10_- &
[Ema, Jinno, Mukaida, KN (2015), Ema, KN, Tang (2019)] ¢
® Topological defects [longWang(2019] .
Dark photon emission from cosmic strings.

scalar singlet mass: m, [GeV]



® Axion haloscope

AXion

Axion DM search experiments

[Sikivie (1983)]

DM axion resonantly conversion into

cavity photon under magnetic field
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[Carosi, van Bibber (2008)]
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Axion DM search experiments

® CASPEr [Budker etal.(2013)] ® ABRACADABRA [Kahn, safdi Thaler (2016)]

¢ DM axion — oscillating E ® Jet = Gary\/ 20D €OS(Mqt)Bo.

—— amplify nuclear spin precession - oscillating real magnetic field

(axion-nucleon coupling)

SQUID /\

pickup T M
loop U %
ok

[Aybas et al. (2021)] : | [Ouellet et al. (2018)]

(Sorry, | cannot cover many ideas for axion DM detection ...)



Today’s topics:

Basics of axion/dark-photon

Axion/dark photon search
# With MAZNON  [Chigusa Moroi, KN (2020)]

With condensed-matter axion

[Chigusa, Moroi, KN (2021)]



New ideas for dark matter direct detection

Nuclear recoil

DM
o ~ - ® ’
' - eavy
. A

XENONIT LUX, PandaX, ...

Bloch electron Collective excitation
(phonon, magnon,...)

N //'\ °* Light

DM

SENSEI, DAMIC, ... SPICE, HeRALD, ...



Dispersion of (quasi)particles in solids

Electron (Ge) Phonon (GaAs) Magnon (YIG)
w,
/ & - A N : 000

19

Ts

A - 1
r> 1
’ 8 8 1&-""&- e_5 o— o—a-—0—"2
3,4 2
- ; anl
T 6 3
= ~
- -]
§ L, 1
o 1 1
-
o 0sEe0 2 5.020 o
: 34 2
y A
0 a—
a5 4 8 2 1 0 1 2 3 4 5 e
L. A r A X UK b r Knri10) K nriool

Rich structure: useful for new particle search !
DM absorption: meV~keV, DM scatter: keV~GeV



Heisenberg model for ferromagnet and magnon

® Magnetic material : electron spins are aligned

® Heisenberg Hamiltonian

J>0 : spins are aligned
(Ferromagnet)

f— g —|

T TVNNNNYT T T




Magnon Hamiltonian

® Quantized Hamiltonian in momentum space

Holstein-Primakoff transformation

Sp=\s-dae  sp=d\s-da  Si—s-da (SF=spxis))

1 120 S 1_(5; ......
=-p " *—o—o
; l
....... ‘.------‘:-----.--‘---.--
® Magnon dispersion relation:
27.2 k? 0 4 B
wi >~ wr, + JsL°k® = wr, Wi wr, = gupb, ~12x107"eV (1%> : Larmor frequency



Magnon dispersion (YIG)  YIG=Y3Fe;01

® 20 Fe3+ ions in magnetic unit cell

® “Ferri-magnet”

5
|2 Fe : §MB><12

D

8 Fe : _§M3X8
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® dispersion relation (20 magnon branches)
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[Cherepanoy, Kolokolov, L'vov (1993)]



Axion-magnon interaction

[Barbieri et al (1989,2016), Chigusa, Moroi, KN (2020)]
® Axion-electron interaction

- dya— 1 >
=57 Yy Y5 - iy = 7 > Va(Z
¢

® Axion-magnon interaction Hamiltonian

M, Qo SIN mat 0) N
Hi = ) T \/72 UCg—I—U+ T)

Axion DM:

S e SO s
\ \ \ \ CL(.CI_Z'), t) — Qo COS(mCLt o maﬁa ) f"‘ 5)

-- --
'''''''''''



Resonant conversion

° 2-Ie;/>elosystem - ? 1
. U-magnon state
1> : I-magnon state (k=0 mode) W “L
e Signal power at resonance: m, = wy, | 0)
dBggna _ wiP(t)  wi|V[* - \/ sN mgagv;
dt 21 3 2 f

® |[imitation:
e Axion coherence time 74 ~ (mgv?)™!

. . —1
® Magnon relaxation time  Tmagnon ~ (1/Tspin—spin + 1/ Tspin—lattice)



® Magnon-photon mixing (magnon=-polariton)
There is 2 mixing of cavity photon and magnon (“hybridization™)

H = chgco + WeanbTD + gcm(chO + cgb) L
—— H=qgugB-S

\/

Copper cavity
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Ultimate goal for DM search with magnon

axion-magnon conversion

solar searches

) red giants

- pHite dwarfs
'13'§ linear amplifier

: B T, =103s, Ty =1K
-14 B T, =10"s, Tcoy=1K

? Tobs= 103 S, Tcav=0-1K
Z B Tops =10%s, T,y =0.1K
15 DFSZ obs/ cav

-4 -3 -2 -1 0

log10(my/eV)

(kg year)

hidden photon-magnon conversion

linear amplifier

B 7,.=10°s, T, =1K A = 2.5|meV
3 Tobs = 104 S, Tcav =1K |--=-======—=-- ___
I Tope=103s, T,y =0.1K Dirac, A=0
- TObS — 104 S, Tcav =0.1K
B polar material
-7 -6 5 -4 3 2 1
log10(Mmy/eV)

[Chigusa, Moroi, KN (2020)]



Today’s topics:

Basics of axion/dark-photon

Axion/dark photon search

With magnon [Chigusa, Moroi, KN (2020)]
—) With condensed-matter axion

[Chigusa, Moroi, KN (2021)]



AXion in condensed-matter

® Jopological insulator  [Kane,Mele (2005), Fu, Kane, Mele (2007)]

6 — () :normalinsulator

L=0-CF,, Fm

, , Conduction Band
dm 0 = 7 :topological insulator M .
® Can 6 be dynamical? [Wilczek (1987)] F

\/

 Arbitrary value if there is no T, P invariance A\

¢ Magnetic ordering can violate T, P-invariance
Dynamical axion ~m/a 0k -nia
(axion quasi-particle, condensed-matter axion,...) [Hasan, Mele (2010)]

® “Axion’ in topological (anti-)ferromagnet
First proposal: Fe-doped Bi2Se3  [Li,Wang, Qi, Zhang (2009)]



DM-axion to CM-axion conversion
[Marsh et al (2018)] [Schutte-Engel et al. (2021)] [Chigusa, Moroi, KN (2021)]

® DM axion to CM axion conversion Wisomd
under magnetic field ure

Source
THZ
AQ Material
=) =

® DM hidden photon to CM axion /X ) ; |
y
H'u ________________ Y, /6 Detector -

[Schutte-Engel et al. (2021)]




Example: Fu-Kane-Mele-Hubbard model [Sekine, Nomura (2014)]

nearest neighbor next nearest neighbor

tight-binding term spin-orbit interaction term

Hy =U meu Hubbard interaction term

s D\
(a) (b) k. 3 Dirac points in

Brillouin zone

A




® Hamiltonian in terms of electron creation/annihilation operator

Zc Hep,  H = Z RM(E)O&M

u=1

Ry (k) =\ [sin(k - @) — sin(k - @3) — sin(k - (dy — @1)) — sin(k - (@5 — @;))
RQ(E) = )\ SIH(E i3) — Sin(E ) — SIH(E- (d3 — ds)) — sm(lg- (a1 — da))
Rs(k) = X |sin(k - @) —sin(k - @) — sin(k - (@, — @3)) — sin(k - (@2 — @3))
Ry(k) =t |1+ cos(k - @) + cos(k - @) + cos(k _’3)} + 0t,
R5(E) =1 SlH(E C_L)l) -+ SIH(E ' 62) -+ SID(E C_L)g)-| ]

: : - 27T - 27 - 27
3 Dirac points: kx, = ;(1,0,0), kx, = 7(0,1,0), kx, = 7(0,0,1)

® |arge Hubbard interaction - Magnetic ordering



® Dirac-like electron interacts with spin through

S = /d4:13 Z Y, i (0, — ieA,) — 6t — iysUm,] 1,

r=1,2,3

<§i,A> = — <§;,B> =, :anti-ferromagnetic order for U/t>>|

® Chiral rotation of Dirac fermion gives axion-photon interaction:

S = /d4az6’%FwﬁW

A7

0 = 0, ZHTZQO Ztan_l (U;T)

(& r

Fluctuation of magnetic order parameter = dynamical axion

Axion ~ magnon in FKMH anti-ferromagnet model.



® Magnon in anti-ferromagnet: Two modes

J L
H=—27% 5 Sv—gus(Ba+Bo) ) Si+gus(Ba—Bo) ) Si

(£,6") e A t'eB

Sj — \/23 — azag Qy, , = az\/Qs — azag, S, =8 — azag,

S = b;,\/zs — bbby, S, = \/23 — blby by,  Si = —s+blby,

® Express Hamiltonian taking account of fluctuation of magnetization

5
Hy > Z C,%HUC;;, Hy = Z RMO@L + Ri120192 + Ragaiag + K313
k p=1

U/t
1+ U?m?2/it?

® (CM-axion (magnon)-EM field interaction Hamiltonian p=>" (01 = i0»)

Qe | S - : L
Hing = 4W\/ﬁ(uﬁ_vﬁ) _D @%—Dﬁg h.c._ /deE-B,



Axion DM
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Scan of magnetic field:

I'T < By < 10T

Each time step: At = 10%s
Total observation time: 1 yr
Target volume: V = (10cm)?

Noise rate: dNpoise/dt ~ 1072571

Hidden photon DM

_7 Dirac,
Q 2.5meV
—— ui—vi=1 T | -
| X B-mode Dirac, A=0
B a-mode
B polar material
-5 -4 -3 -2 -1
log10(mMy/eV)

[Chigusa, Moroi, KN (2021)]

[Schutte-Engel et al. (2021)]

Note Proposal using different material :




Applications of condensed-matter ideas

Magnon

® Axion detection with OPtiC&I magnons [Mitridate, Trickle, Zhang, Zurek (2020)]

: 10719
® Multi-magnon [Esposito, Pavaskar (2022)]

10—12E

® light DM scatter off magnon w0

§10‘14§-

[Trickle, Zhang, Zurek (2019)] = 013l

DM 10=1%)

AT o

DM 3 e
N 10—5

© magnon




Applications of condensed-matter ideas

Phonon
[Knapen, Lin, Pyle, Zurek (2017)]
® Dark photon absorption by phonon/ ..[
light DM scatter off phonon
. . 10—12 B
in polar material
[Griffin et al., (2019)] [Knapen, Kozaczuk, Lin (2021)] 107 ¢ phonon
10716 | R
s e
1073 1072 1071 10° 10!

ma [eV]

® Axion detection with phonon-polariton

[Mitridate, Trickle, Zhang, Zurek (2020)] [Marsh, McDonald, Millar, Schutte-Engel (2022)]

102



Applications of condensed-matter ideas

Electron

DM absorption/scatter by electron in various materials
[Hochberg, Lin, Zurek (2016), Bloch et al (2016)]
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DarkSide — 50 = Csl
mmmm XENON100 === Al)Os3
mmm SuperCDMS QaWO4
memm SENSE] 510
mmmm DAMIC === InSb
1 10 102 10° 104
m, [MeV]

[Griffin et al,, (2019)]
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Summary

® Quantum fields in condensed-matter may be useful for DM detection

0.IlmeV meV |OmeV |00meV eV ~keV
_—r
Dirac matter Gap of semiconductor
Gap of superconductor Gap of insulator
acoustic magnon optical magnon
CM axion optical phonon

® Particle and condensed-matter physics interdisciplinary field
for New Physics Search.



