Axion/Hidden-Photon Dark Matter

Conversion Into

Condensed Matter Axion

~ searching for 6(1) meV axion(ALPs), hidden photon DM

2022/2/8 So Chigusa (LBNL/UC Berkeley) @ KEK IPNS-IMSS-QUP Joint workshop



Dark Matter as a hint of hew physics

Observations
from starlight

Velocity
- (km s-1)

Expected from
the visible disk

20,000 30,000 40,000

~ Distance (light years)

Wikipedia “Galaxy rotation curve”, E. Corbelli, P. Salucci (2000) Wikipedia "Cosmic microwave background”, 9 years of WMAP data
"Known” "‘Unkown”
v DM existence, abundance v DM mass
v Has gravitational interaction v Non-gravitational interactions
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Various DM models

v Common features

- Abundance: p, ~ 0.3 GeV/cm® around us
- Velocity: v, ~ 10~5¢

v Model dependent features

- Broad mass window
- Interaction with visible particles

v How to detect DM candidates”

Small scale
structure WDM bound Unitarity bound

10722 eV 1 keV 1 GeV 100 TeV 10 M

Ultralight bosonic DM Light DM WIMP PBH, etc.
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Direct detection of DM

v Example: DM-nucleus scattering

EWr ~ 10keV

Wikipedia “XENON experiment”

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold

XENON 10 S2 (2013)

vv .~ CDMS-II Ge Low Threshold (2011)
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A MSSM: Pure Higgsino
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v Recently more focus on lighter region

4 /25

2021/3/31

TE

CF1 Snowmass report, 1310.8327

S

g @KEK "s\=%7F - Y% EEMR




Target (quasi-)particle for direct detection

nuclear recoil electron recoil

collective mode
00—

We vibration = “phonon”

/ XENON10/100

\ XENONIT
— 0
DM/nucleus

SuperCDMS, SENSEI

Conductlon band

semlconductor
superconductor

ﬁ' ‘ Dirac material
Valence band

Spm wave = magnon

v Collective modes are important for light DM (m, < MeV )

Today | focus on "axion quasi-particle”
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INtroduction to axion excirtation



Summary: What is “axion”?

v "Axion” Is fluctuation of spins 66 inside magnetic materials

N\ NN\ Y
00 /5 _
- — Y X 56’F””FW
. ‘axion” 1s named after
Dirac electron y o |
this Interaction
4

v Example: Anti-ferromagnetic topological insulator
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Summary: Fu-Kane-Mele-Hubbard model

(ij).0
+id Y T (dix d)
<<i,j>>
T UZ U Hubbard interaction
i | - Anti-ferromagnetic ordering

- Spin-electron interaction

8 /23 2022/2/8 So Chigusa @ KEK IPNS-IMSS-QUP Joint workshop



Fu-Kane-Mele model

A /a

lattice structure Brillouin zone

A. Sekine, K. Nomura J. Phys. Soc. Jpn. 83, 104709 (2014)
v Hamiltonian (Effective model of outermost electrons)

ZZtcc + il Z c'o (lezz)c

i ~ic JO i i i’
<iL,j> o <<i,j>> Spin-orbit interaction

- ¢, . electron annihilation operator @ site i w/ spin o

v Distorted diamond lattice: - 7, =1+3dr for some specific direction

- L=t for others
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Band structure of FKM model

v e~ annihilation operators in momentum space

(@) A (b)
T A K LA B YK LB 0/% o

— C—>:

T g
E = (CT1a CTra €18 CT LB - X N

v 4-band model

______

— o\ 2 |
v Energy eigenvalues E.(k)=+_[ ) ( R, k)) Symmetry enhanced points

small gap ~ 6t
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Hubbard interaction and magnetism

v Coulomb Interaction makes 1t difficult to fill 2 e~s In an orbital

H=-1 Z Z €1 Cio Ny = C. Ci
v Large U limit, treating ¢ as perturbation

] 12 —
HeffNHtH—UHFE D) S-S,

<ij>

ViU >0—

AN A I OO I A B

I, A 1, B i +1,A 1+ 1,B
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Spin - electron interaction

v Order parameter <§:-,A> = — <§:.,B> =m

AN A I O I A B

I, A 1, B (+1,A 1+ 1,B
v Mean-field approximation on H, = U ) nyn;

l
l

- < Cl'.;cil > Cl:g,CiT - < CiiCiT > CjCil + < C;;Cil > < Cl.T CiT > )

v Nothing but interaction between m and e~s
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E ~ 0(5r) phenomenology

v Linearlized Hamiltonian around a Dirac point I M My Mz T

_)
« HM, + q) ~ ¢’ AL co - = ———
( 1+ q) Mﬁﬁ’ g M,+7qg AA
B = o ) ISR % SR N

o %lﬁ» — z ql-’al- -+ 5t054 + UmeIS 4 /¥¥

W/ qi = atq,, g, = 2alq,, g5 = 2alq; & {a,,a,} =26,

v Equivalent effective action

5 = Jd4x Y 7 li}/”(ﬁﬂ — ieA,) — 6t — iys Um,,] v,
r=1,2.3

v Properties of 3 Dirac electrons

- mimics free relativistic particles with mass 6t (at linear approximation)

- axionic (l.e., via ys) interaction with magnetization
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E < 6t phenomenology

v Integrate out Dirac electrons with mass 6t
v

a, [ ., y B B [ Um,
Sp = 4ﬂde«9F FF H=ﬂ+;6’r—ﬂ+;tan ( y )

v Same applies for dynamical spin fluctuations

- WL X)) =+ M, X)) VVVVV
U/ot
50(t, X)) = om (t, X 00
& x) Zr: 1 + U?m?2/ 6t LX) T
SVaVaVaVaVay
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Properties of spin fluctuations

v 2 "magnon” modes with spin +1/2

- Common intrinsic 9ap w, Wikipedia “Larmor Precession”

- External B, induces mass splitting w, = guzB,

v Dynamical axion in FKMH is linear combination of 2 magnon modes
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Application to DM direct detection



Axion / Hidden-photon DM

v Energy stored as coherent oscillation

122

PDM — o) aaO

- mimics non-relativistic matter pp\ « (scale factor)™

- light bosons can be DM candidates

v Effectively works as oscillating EM fields

— —

- AXonbDM ¥, =g, aE - B

- Hidden-photon DM Z,,,, = — eyeH, py'y
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DM direct detection w/ cond-mat axion

v Axion (ALPs) DM v Hidden-photon DM
¥ =g, aE - B & = —eye Hyy'y,
ga}’)’
a > - - - 00 1, " -~ ot
Kinetic mixing
B, B, 5,
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Kinematics of DM-axion conversion

DM y

O

py=(E,p, = (m,0)

v DM de-Broglie wave length > material size
- only k = 0 mode of axion Is relevant

v m, ~ w,* w; leads to resonant conversion

- scan B, to search for broad mass range
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S. Chigusa, T. Moroi, K. Nakayama [2102.06179]

Sensitivities on DM candidates

v Axion (ALPs) DM v Hidden photon DM
-6 -7
o %\/LAS
a | 114
g -10Helioscopes (CRSD) — " - T
S e = 13-
D .12 - o
\-5 ,,,, —— Ug—Vvg=1 -15 -
2 rap o
T I — B-mode -177
B a-mode
16+ 199+
-4 -3 -2 -1 0 -5 -4 -3 -2 -1
log10(Ma/eVv) log10(Mu/eVv)

v By=1T ~ 10T, 100s obs. for each point, V= (10cm)’ & T=1yr & Q = 10°
v Typical values tor material properties (mass range depend on them)
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Comparison with magnon

axion magnon
» Soda-san’s talk
~ O0(10) meV ~ O0(10) meV
excitation energy depend on anisotropy depend on anisotropy
controlled by B, controlled by B,
: a—N
DM coupling probed ( :
H-—e H-—e
. anti-ferro topo insulator, etc magnetic material
target materials | | |
FKMH, (Bi1—xFex)2Ses, Mn2Bi2Tes YIG, NiPSs3
references
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Conclusion

v Possiblility of using axion excitation to search for DM

v Formulation and primitive estimation of sensitivity
- Direct detection of 6(1)meV bosonic DM

v For detection of signal, guantum sensors will play important roles
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packup slides
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Tight-binding model

v Consider electrons tightly bound to lattice points

l 1+ 1
* * * * *
lattice point electron cloud

v Each nucleus has electron orbital with E=¢ : (i|H|i) = ¢

v Small overlap of nearest orbitals :

H = € C;Ci Hopping term

] < i,j > : nearest neighbors
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Coulomb repulsion (Hubbard int.)

v Coulomb Interaction makes it difficult to fill 2 e~s In an orbital

— — of
H=—1 Z Z C. Cig Nz = C. Ci,

ce{1,]}:electron spin

v Band theory of solid states tells us However, o
_ v large U may make It insulator
odd # of e¢~s per nucleus = metal

-----------------------------------------------------------------

i N =5 nuclel ) y L y L
1 e~ per nucleus/\ /\
9 y
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Spin-orbit interaction — Topo. insulator

v SO Interaction plays important role in topological insulators

CF Kane-Mele model \

Irst example of (time-reversal symmetric) topo. insulator
1 r
...... DR | —
2 Fermi surface
-1 ‘ \ |
0 m/a K, 2313/3\ “edge states”

FIG. 1: (a) One dimensional energy bands for a strip of
graphene (shown in inset) modeled by (7) with t2/t = .03.
- The bands crossing the gap are spin filtered edge states.
2D Honeycomb lattice
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Relationship w/ topology

v Normal / Topological insulators have different topologies - no continuous deformation
- Topological invariant 6 1s evaluated w/ berry connection

| 0 1 ) 2
AP = — i{uf | ul’) 0 = 4—J d*k e  Tr | oA,0,4, + lgﬁiidjﬁik]
\ T/ T Jpz
Berry connection Bloch states<energy eigenstates Brillouin zone

- Time reversal symmetry forces 0 to be one of below

A

. =0 (normal insulator) o ohase transition

. =r (topological insulator) Foresidng @E[O’%\
- SPT phase *

= "symmetry protected topological phase” topdlogiear’
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0 1S axion term

v Topological EM response

a ; —~ — |
S =—|dtd xHFWF”” . W = —etPOF

4r — 2 e
=4E - B
N
v Rich phenomenology like © 08 stene sonterm
| - B induces electric polarization P « 6B

_ (a) 000y . . .

Faraday rotation | 0 - E Induces magnetization M «x 0E
SO . y

rotation of polarization plane — -

-0.01 F

- Image monopole effect

X. Qi+ Science 323, 1184 (2009)

of linearly polarized photon

Faraday rotation, _ (rad)

Gate voltage

Us=10V '

cf. cosmological birefringence

Emergence of magnetic fields
as If “image monopole” exists

-0.03

V. Dziom+ Nat. Commun. 8, 15197 (2017)

1 2 3 4 5 6 7
Magnetic field, B (7)
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Sketch: emergence of dynamical axion
v S0, what's next?

- Topological Insulator + Hubbard interaction
- Anti-ferromagnetic ordering spontaneously breaks T-symmetry

. (S) # 0 gives additional contribution and 6 #
- Spin fluctuation becomes dynamical axion 66

H = —1 Z Z Cl.Z_CjO. Tight-binding

- Topological EM interaction

94 —_— —
<. =—00F - B <ij> o
U +l/1 Z C;? . ( E)llj X J%)C] Topological insulator
connection to chiral anomaly <<ij>>
4+ U Z niTnil Anti-ferromagnet
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Topological insulator

v Insulator bulk + metal surface

- Edge states localized on surface + \\X’/}//
o N S5HR "so
eads to conductivity _ ;

Topo. Insulator phase Normal insulator phase

v Hot Topics in cond-mat & significant developments after Kane-Mele
- Bernevig-Hughes-Zhang (BHZ) model

- HgTe/CdTe quantum well structure explainéd by BHZ model

First experimental observation

- 3 dim. topological insulators : Fu-Kane-Mele model. Bi1-xSbx
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Quantization of spin fluctuations

v Quantized spin waves = magnon

] TTTVYNNNYT T 77

Figurc 9 A spin wave on a l of spins. (a )Th spins viewed in perspective. (b) Spins viewed
from ahove, showing one wavelen gtl Th e wave is drawn th ugh the ends of the spin vectors.

v Anti-ferromagnetic Holstein-Primakoff ’cransf.K -
— \/ZS — aTabﬂ a, S;‘, — b;/\/zs . b;,bf, Relat.es bosonic / spin operators

consistently

SZ — S . a af S;/ — S —I— b;,bf/ [bf’, b,j:l,] — 6f’m’ = [S;/, S’{n,] p— i€lij§/5f/m/

sublattice A sublattice B K J
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Evaluation of hopping terms

v Shape and properties of ¢~ orbitals are important

[ O]

f Slater-Koster relations \

Px \

TaBLE 1. Energy integrals for crystal in terms of two-center integrals.

(sso)

(spo) Fo— 7. =

B(ppa)+ (1—E) (ppr) =T (I, m, n)
Im(ppe) —lm(ppm)

In(ppa) —In(pp)

V3im (sdo)

W3 (P—m?) (sdo)

[#2— 3 (l*+m?) ](sdo)

V3Pm (pdo)+m(1—212) (pd=)

V3lmn (pda) — 2lmn (pdw)

V4 Directign_dependent hopplng K J. C. Slater, G. F. Koster (1954J
- contains information of shape of lattice

SRR
N [ 2 o R 8] n [ I 8 @
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Resonance effect

Resonance

4x10%% -

v Resonance enhances rate
- long coherence time 7 «

3x 1012 -

narrower & higher peak 2107
- S(w/m—-1) @ 7 >

m
0.999995 1.000000 1.000010 1.000010

§))
m

v Upper limit on = determined by
- cond-mat axion lifetime

- DM coherence time 7, ~ l/m)(v)?
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