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Dark matter candidates

Ultralight dark matter Weakly interacting Ultraheavy dark matter
(e.g. axion, dark photon) massive particles (WIMP) (e.g. black holes)
1022eV — 1 eV 109eV — 1018 gV 10°0 eV — 1093 eV
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Dark Matter Detection

using Cavities AXiON  9ayoE-B
1
Dark photon SxF Fu
WR = Mg Axion

’\/\“ Ja~v dark matter
/\/\/ ® 6 ¢ o6 o o o

XB
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Dark Matter Detection

using Cavities AXiOn  YayaE-B
1
Dark photon SxF Fu
WR = My Axion Psig — PDQCZZ|,'7|2

AU Ga~y dark matter
/\/\/ ® 6 ¢ o6 o (o0 o

7% momentum conservation

XB Q : quality factor
- Pp o< ppV C? = L s i
Usually target eV axion/DP D= PD T3 =AY
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Ring Resonator: eV axion/DP

Z
Eil > > Etl %
=
01.549 1.5495 1.55 1.5505
Wavelength [um]
[ FSR
messe =
FWHM
A neffL
Q = = finesse
L ~ 100um A\ ~ pum ~ ma_l FWHM A
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Ring Resonator: eV axion/DP AXiON  YayoE - B

1

Dark photon SxF Fu

- 2|, |2
New Challenges: Psig = PpQC7|n|

Phase matching 71> * momentum conservation
Large Q Q : quality factor
2 B2w3?2 i=a
Large V PD X ,ODV C,? — {137/3 . i A
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Phase Matching



Periodic Photonic Structure:

Bloch Modes
Ex = uK(r)e:’;K'r , uk(r)=uk(r+ R\ e(r) =e(r + R)
Bloch wavevector L attice vector

‘2 _ | fdx’dx E}(x) - nE; (x') - fle— (x—x')*/Ads
V-1 [dx e(r) |E1(x)|°

7

1 KRR |
| = Inul® 75 Y e TR Resonator size << A4
U g
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1D Toy Model

20 unit cells with finesse 5 (Q~100)
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1550nm, TE, mode  775nm, TE, mode

Example: Periodically Grooved 't:'"""
LN-on-Insulator Waveguiae -—;é‘__

https://doi.org/10.1364/0E.25.006963
(a)

= Q can be affected by:

Surface/volume scattering loss

Bending/radiation loss

(c) 120 1
E "»
g % Absorption by the material
g w | |
§ - dB
2 , e | o, TMeff 03 180 = 1.5pum Neff
e 14T 2 on Tt o (5 ) (M5m) ()
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1550nm, TE, mode  775nm, TE, mode

Example: Periodically Grooved 't:'"""
LN-on-Insulator Waveguiae -—;é‘__
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(c) 120 1
E "»
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Example: Si-on-Insulator

Photonic Crystal Ring Resonator n
S

https://doi.org/10.1364/0L.39.001282 . g
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9000 00000090 00g0d
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Fig. 4. (a) SEM image of the fabricated modified PCRR. .
(b) Magnified micrograph of the corner of the modified PCRR. o
&)
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36
(b) Perfect lattice
34 Y o —— PCRR
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Coupling N Resonators in Parallel
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N Resonators in Parallel

e—iwva-(xl—XQ)

Sa(X1) Sa(X2)
Sout
—znrwd

€

Solve the output using Heisenberg Langevin equations

Gaussian distribution of v is assumed.

DM sources a standing wave that can couple to either
left or right-traveling wave in the bus.
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—1WVg- (X1 —X3)

/_L
Same Frequency sa(x1) sa(x2) sa(x)
Raq
KON
_ 304&' — K
1015— _________ ——
; 6—inrwd
1005— ﬂ
= RN
\3/10_1— \J\ﬂ
< !
310_% d = 1002, Qo = 10° R | |
= Nerpe \y, ' No gain after going beyond
~ N=5.3=1/5 A the DM coherence length.
104k —— N=50,8=1/50 i
- ——— N=100,8=1/100 B =Qo/Qe |
T 1 A Ty I ) S Ty o S T A
(W —wg)/wWr
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e—iwva-(xl—XQ)

. . —
Different Frequencies S0 (1) S0 (2) s ()

3
3
o
_I_
=
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o
Z
b
X
Q

Sout —K

— 10_2 =

Signal width grows like 0 X Q.
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e—iwva . (Xl —XQ)

— N

Sketch of the Setup Sa(x1) sa(x2) salx)

periodically )
50&| —K
grooved —_—
microring e tnrwd
receiver bus
= =)
D
o o
o ..
o /L25
D
photon detecto
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“Active” Fraction of a Chip

periodically
grooved
Vi 100 to/ts microring
act = LD, ~ 0.1% (Fu) ( 0.01 ) receiver bus
&)
o> )
. . — .. S o
N, = # of unit cells in each resonator S48 e Vi S
S o
o> O
[, = thickness of the resonator S
| photon detecto
[, = thickness of the substrate
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Projected Sensitivity
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Axion DM Search Needs a
Background Magnetic Field

Above ~1.1 eV, Skipper CCD

_ Vint 100\ [t/ _ -
o = 1 pp ~ 01% (V) ( Om) Below ~1.1 eV, Superconducting
Nanowire Single Photon Detector

Assume the dark count dominates

B(T) Bore (mm) V,.t(cm®) BV, (PeV) References

0 34 9x1077 69x10T 29 the background. Need to cool down
21 123 0.118 2.5 x 10 30
9.4 800 100 42x107  [31 to <~100K for MIR and even more
11.7 900 127 8.3 x 107 32]
20> 630 72.6  1.38 x 10° 33 for LWIR.
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Axion DM Search Needs a
Background Magnetic Field

— | |
I
10710 E
V. 100 t.,/t — __tars______l_ SR RRAT Y LT LA |
oo = 2 0.1% (20 (Lulls _F
> |
@ I
<. ¢
Q
- _
S0ME Q =10°,0 = 5, B = 94T, [n.[|> = 0.1
B(T) Bore (mm) Vi (cm®) BV, (PeV) References E Eact = 0.1%, 28 days, N=100, ['pi, = 5Xsleg_6
40 34 9x107° 6.9 x 10 29 - €t = 1%, 28 days, N=100, [y, = 2210
[o4 80 100 42x107] [l PrElMINAY —— ¢, — 01,1 year, No150, Ty = 2
11.7 900 127 8.3 x10" 32] 10~12 10-9
a 8 - - — gact — 1%, 1 year, N:150, Fbkg =~ et
20 630 72.6 1.38 x 10 33 I |10|_1 | I |1(|)0 | s I
mg [eV]
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Conclusion & Future Dark photon-photon kinetic mixing

1 Alpm] O
Integrated Photonics can be applied in the : e — S
DM direct detection at optical frequencies. = -
10-10 =
Photonic Crystal Cavities constitute the L 3 -
best option to phase match. 2D and 3D . XENON 17 5 =
photonic crystals, though harder to mass bgﬂlo—m; < _
produce, could provide better phase F<I -
matching and volume filling. i = =
= -
- Optical resonators’ properties may undergo =R =
significant changes under cryogenic 10_15f -
temperatures. % = 0.1,Q = 10°, Ty = 210 %
107 —— 1 cm? 10 cm® 100 cm? =
E| L 1 [ [ | | | | L 1 [ [ | —
10~ 109
ma eV]
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Backups
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—iwva . (Xl —X2>
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. . —PN—
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How big can n.¢ be changed by grooving”?
Effective Index Theory

A
https://doi.org/10.1364/0E.25.006963 [ ] o

(a) 2h
\_f

2

(c) 120 :
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a 40 - . o
= £ o d
» 1.6 —
§ 40 B oo 5
'5 - o°o -
a?o — , < 0 R e e e N R
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Surface Scattering Loss

https://doi.org/10.1364/0E.25.006963

(a)

(c)
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Bloch loss (dB/cm)
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Groove depth (um)

PL — P()e_O‘L

Surface Scattering Loss

Q =~

18048
T eff ~ 103 30 cm
(87 )\() L

for L << 1 cm
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Radiation Loss

_ —oalL
https://doi.org/10.1364/0E.25.006963 1, = Foe

(a)
2m Radiation/bend Loss

B.-3
Xp= —=
r BO
1550nm, TE, mode 775nm, TE, mode
< \
IS /\9 -
\
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Radiation Loss

PL — P()e_O‘L

............

., | I .......... | . Radiation/bend Loss

............

n1:2.2,n2:1.45,LP01
10° Ere s
10° —
10°

1
100 Nett
N — 1.53
10
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Ring Resonator (En)z( t K)(En) 2|+ |2 =1

E;, > » Eu

Enr=a«a-¢E, 0 ~ negwl

N | 0SS

Critiga\\y Coqp\ed

0.9 |
0.8 i
0.7 [ |
0.6 | |
05 |
04 |
03 [ |

Intensity

| |
1.549 1.5495 1.55 1.5505
Wavelength [um]
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RINg Resonator (Eﬂ

E
Eil > > Etl

£
2
=

i FSR 1 — 042 Q A neHLfinesse .

TNESSE = — — — | '
FWHM T FWHM ) 04549 1.5495 1.55 1.5505
Wavelength [um]
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Ring Resonator (En)z( t K)(Eil) 2|+ |2 =1

E ) —Kk*t* E )
Input Port g Throughput Port
E; > ~ By
g N
E;; = a,<Et2 0 ~ negwL
| 0SS
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