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Overview

Axion DM Detection with

Axion quasiparticles Phonons
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[Li, Wang, Qi, Zhang 10]

Jan Schutte-Engel 31.8.2021 2/29



Axion Quasiparticles (AQSs)
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Axion Quasiparticles (AQSs)

arise in materials with £ > /©OE - B

Jan Schiutte-Engel 31.8.2021

3/29



Topological insulator in a nutshell

E

Bulk
Conduction

Surface B o Topological insulator is
States insulating in the bulk and
K conducting on the surface
Bulk o Physical realization for
Valence example: BixTes or BioSes

Band

[hoffman.physics.harvard]
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Effective description of topological insulator

o Topological insulator

Sy = /dsxdt(eEz 1132)+9O‘/af?’xaftE.B
1 2w 27

So
@ 0 is periodic in 27

Tinv.

0E-B-L —0E-B

0 periodic
gl (— 0=m

0+ 2r)E- B2

o Time reversal invariant insulator 8 = 0, 7 ( # = 0 normal insulator,
# = = topological insulator)

@ Most topological insulators have T symmetry.
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Dynamical Axion field in Topological Magnetic

Insulator
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[Li, Wang, Qi, Zhang 10]
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o Add P or T breaking terms = 6
deviates form 0, 7, realization
in antiferromagnetic phase

o Antiferromagnetic phase has
spin wave excitations
(Magnons) which behave as a
dynamical axion field

@ Suggested material:
(Biy_xFex)2Ses
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Dynamical AQs in antiferromagnets

Néel vector M~ = %£<3A> — (Sg))

AQ is longitudinal spin wave

00(x,t) = M, (x,t)

«
534—7@5@E-B

[Li, Wang, Qi, Zhang 10], [Afflek 89]
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Other suggested material
candidates

0 MnuoBisTes (cao, Han, etal. 21]
@ Weyl semimetal w. cootn, B. Bradiyn et

al. 19]

o topological paramagnetic
inSU|a’[0I’ [Wang, Lian, Zhang, 16]
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Detecting Axion Quasiparticles

V-D

_gv@ . Be’
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VxH-—0D = %Bea,e,

1«
2 2

with D = n?E,H = B and © = 60 + ©°
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Axion polariton dispersion relation

Mixing of AQ with photons = axion polariton (collective mode is
coupled linearly to photons)

[ [THz]
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Detecting Axion Quasiparticles
In the medium:

E(Z) — C+eiwngz + C_ e—iwngz
THz time domain spectroscopy ~ 09(2) = D €™ + D_e™""?

Boundary conditions:
z

A éz ' (Dvac - Dmat) = 07
y é; x (Hyac — Hnat) = 0.

X

[Li, Wang, Qi, Zhang 10]
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Detecting Axion Quasiparticles
In the medium:
E(z) = Cye“™? + C_e "m?
THz time domain spectroscopy ~ 0©(z) = D, e“™? 4 D_g~/wne?
, Boundary conditions:

A éz . (Dvac - Dmat) = 07
Yy e, x (Hvac - Hmat) = 0

X

Short aside:

v.D = -2ve.B,
™

[Li, Wang, Qi, Zhang 10]

V xH—-0D
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Detecting Axion Quasiparticles

THz time domain spectroscopy

4

=,

X

[Li, Wang, Qi, Zhang 10]
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In the medium:

E(Z) — C+eiwngz + C_e—iwngz
§6(z) = D, €“™? + D_g~"™M*
Boundary conditions:

éz : (Dvac - Dmat) = 07
é; x (Hvac - Hmat) = 0.

Short aside:

V-De = 0
VxHe—0Ds = 0,
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Detecting Axion Quasiparticles
In the medium:

E(Z) — C+eiwn92 + C_e—iwngz
THz time domain spectroscopy ~ §6(z) = D, e“™? + D_g "wM?

. Boundary conditions:

A éz : (Dvac - Dmat) = 07
y e, x (Hyac — Hnat) = 0.

Short aside:

n- (D@,vac - D@,mat) =0
nx (H@,vac - H@,mat) =0

[Li, Wang, Qi, Zhang 10]

where Do = D+ 20©B, Ho = H— 2OE.
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Transmission spectra

— B,=10T —— B,=15T —— B,=20T === 50 =0

b? r
=14+ -
© m3—w?—ilpw —w

d =0.083mm
Magnon losses: I, = 10~

Photon losses: T, = 10!
(artificial large losses to make effect clearer.)
[Bayrakci et al. 06]

f [THz]

_ 2in@ a0 2
= (ng+1)sinA+2inecosA+O<(?e)>

with A = dke
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Axion dark matter detection
with AQs
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DM axions

§ Photons

n Detector

Surface Area A = (20 cm)?

TOORAD (Topological
Resonant Axion Detection)

Jan Schutte-Engel
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DM axions

v.o = -%ve.B°
™
—gayVa- B®,
VxH-&D = %Beate
+0ay B°0:a,
V-B = 0,
VxE+oB = 0,
Photons 8260 + mise = lng~ Be,
f@ s
(02 —V2+mda = gaE-B°
a Detector
Surface Area A = (20 cm)2 Effective description: axion induced
E-field excites material with effective
TOORAD (Topological refraction index ng
Resonant Axion Detection) P2E(2) + P (w)E(2) = —w?Ea
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Physical understanding

— Re(no)
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Resonance condition:

™ = nNg (Wres)wres d
b 2
n = nl———-+1 =
o) = Nl n=1

b ~ ext. B-field

Principle similar to dielectric haloscopes. Matching E and B-fields at interfaces.
Similarities to Fabry-Perot cavity.

Jan Schutte-Engel 31.8.2021 14/29



Physical understanding

— Re(no)
25| —— Im(ne)
— Re(no)

. e /‘

05 06 07 08 09 1.0 11
w [meV]

Resonance condition:

™ = nNg (Wres)wres d
b 2
n = nl———-+1 =
o) = Nl n=1

b ~ ext. B-field

Principle similar to dielectric haloscopes. Matching E and B-fields at interfaces.
Similarities to Fabry-Perot cavity.

Jan Schutte-Engel 31.8.2021 14/29



Physical understanding

— Re(no)
25| —— Im(ne)
— Re(no)

5 me K = 1+ne >0
0.5 0.6 0.7 “[l)r.nsev] 0.9 1.0 1.1

Resonance condition:

T™ = nNg (Wres)wres d

b 2
ne(w) = n[— +1 —
( ) m% — W2 n=1
b ~ ext. B-field

Principle similar to dielectric haloscopes. Matching E and B-fields at interfaces.
Similarities to Fabry-Perot cavity.

Jan Schutte-Engel 31.8.2021 14/29



Physical understanding

— Re(no)
25| —— Im(ne)
— Re(no)

2ng

5 me K = 1+ne >0
0.5 0.6 0.7 “[l)r.nsev] 0.9 1.0 1.1

Resonance condition: =

T™ = nNg (Wres)wres d

v }
ne(w) = n[— +1 —
( ) m% - wz n 1
b ~ ext. B-field

Principle similar to dielectric haloscopes. Matching E and B-fields at interfaces.
Similarities to Fabry-Perot cavity.

Jan Schutte-Engel 31.8.2021 14/29



Physical understanding

— Re(no)
25| —— Im(ne)
— Re(no)

2ng

5 me K = 1+ne >0
0.5 0.6 0.7 “[l)r.nsev] 0.9 1.0 1.1

Resonance condition: =

T™ = nNg (Wres)wres d

v }
ne(w) = n[— +1 —
( ) m% - wz n 1
b ~ ext. B-field

Principle similar to dielectric haloscopes. Matching E and B-fields at interfaces.
Similarities to Fabry-Perot cavity.

Jan Schutte-Engel 31.8.2021 14/29



Physical understanding

— Re(no)
25| —— Im(ne)
— Re(no)

2ng

5 me K = 1+ne >0
0.5 0.6 0.7 “[l)r.nsev] 0.9 1.0 1.1

Resonance condition: =

T™ = nNg (Wres)wres d

v }
ne(w) = n[— +1 —
( ) m% - wz n 1
b ~ ext. B-field

Principle similar to dielectric haloscopes. Matching E and B-fields at interfaces.
Similarities to Fabry-Perot cavity.

Jan Schutte-Engel 31.8.2021 14/29



Physical understanding

— Re(no)
25| —— Im(ne)
— Re(no)

2ng

51 Mo K = 1+ng >0
0.5 0.6 0.7 “[l)r.nsev] 0.9 1.0 11

Resonance condition: S

™ = nNg (Wres)wres d

b 2
ne(w) = n[— +1 —
( ) m% — wg n=1
b ~ ext. B-field

Principle similar to dielectric haloscopes. Matching E and B-fields at interfaces.
Similarities to Fabry-Perot cavity.

Jan Schutte-Engel 31.8.2021 14/29



Physical understanding
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External B-field fixed in figure. Changing it shifts resonance peaks
= scan different axion masses.

B = Eou Resonance condition:
E,
sin(A/2) (1 —nd) A=A = ne(wjwjd = (2j+ 1), j € N

ne (Ne sin(A/2) + icos(A/2))
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Including losses
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Optimal thickness

Log,of8
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Single photon detection

DM axions

% Photons

a Detector

Jan Schutte-Engel

Number of signal events per time
E 2
)\s _ 77| 23| ,BZA
w

n photon counting efficiency, A surface area,
Eo = gayB® V2pa

ma

Single photon counting

1 A
T T

[Bityukov,Krasnikov, 98]
Ag dark count rate, 7 measurement time.
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Sensitivity reach
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Axion DM detection with
phonon polaritons

Be \ \
A

- Photon

detector
—
d d I I
[A. Mitridate, T. Trickle, Z. Zhang, K.M. Zurek, 20] [D.J.E. Marsh, J.I. McDonald, A.J. Millar, JSE 22]
example for single phonon readout scheme [S. A. Lyon et al.
arxiv:2201.00738].
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Effective description
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Al2O; QCDet < | — SNSPD
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black: dish antenna, integration time one month per resonance, A = (0.1m)?, more optimistic
dashed (100 ties better dark count rate) and losses dominated by impurities.
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High frequency Gravitational
wave detection
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GW photon mixing

1
£ g FuFag
In curved spacetime:
1
L5 —v=979" 9" FuFap
Linearized Gravity

Quw = N + hptl/

Then Lagrangian contains terms of
the form:

1
LD *Zn'ua hP FuuFaﬂ

. 1 - v
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Signals can arise from

o . Movement of walls (free charges)
Mixing GW with photons in static external B-field induce a

current
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Signals can arise from

[ Mixing GW with photons

Jan Schiitte-Engel

Movement of walls (free charges)
in static external B-field induce a
current
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Signal in two benchmark scenarios

Time (s)

o Change cavity to scan different

o Keep cavity fixed resonance frequencies
o Sweep through all cavity o GW frequency from
modes superradiant cloud fixed
W Wy W3 Wr=Wq
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Sensitivity estimate
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Sensitivity of existing axion experiments

Projected Sensitivities of Axion Experiments

wy /27 € [0.65, 1.02] GHz

IX 4|@~8x10% By=75T
ADMX Veay = 136 L, Tays ~ 0.6 K

wy /27 € [5.6,5.8] GHz

Jl@~3x10%, By=9T
HAYSTAC Veay = 2 L, Tays ~ 0.13 K

wy /27 € [1.6,1.65] GHz

dlQ~4x10% Bo=73T
CAPP Veay = 347 L, Toys ~ 1.2 K

wy /27 = 26.531 GHz

JlQ~13x%x10%, Bo=7T
ORGAN Veay ~ 0.0078 L, Tyys ~ 4 K

wg/27 € [1,2] GHz

v : y v
SQUIS params. - /N /// /////
1072’1‘ ‘ 10‘72% ‘ 10‘,22 ‘ 10‘,21 — 10‘,20 ‘ 10‘,19
Strain Sensitivity hg

[A. Berlin, D. Blas, R. Tito D’Agnolo, S. A.R. Ellis, R. Harnik, Y. Kahn 21]

Existing axion experiments only need to reanalyze their data!
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Thank you for your attention
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