Caltech

Axion (DM) Detection with Optomechanical Cavities

Clara Murgui

in collaboration with Yikun Wang and Kathryn M. Zurek
2211.08432

UCLA DM Conference
30th March 2023



Dark Matter: where to look?

10~%%eV eV GeV  101ev M 10M
e et

“Ultralight” DM “Light” DM WIMPs Composite DM PBH, MACHOs




Dark Matter: where to look?

10~%2%eV eV GeV  10Tev Mpi 10M
|

| | | |
G | — —

“Ultralight” DM

Preskill, Wise, Wilczek, 1983]
Abbott, Sikivie, 1983]
Dine, Fischler, 1983]




Axion Dark Matter

10~%2%eV eV GeV  10Tev Mpi 10M
|

| | | |
G | — —

“Ultralight” DM

;Preskill, Wise, Wilczek, 1983] [Peccei, Quinn, 1977] [Wilzeck, 1978 [Weinberg, 1978]
Abbott, Sikivie, 1983] [Dine, Fischler, Srednicki, 1981] [Zhitnitsky, 1980]
Dine, Fischler, 1983] [Kim, 1979] [Shifman, Vainshtein, Zakharov, 1980]




Axion Dark Matter

10~%%eV eV GeV  10Tev Mpi 10M
G | — —

“Ultralight” DM

;Preskﬂl, Wise, Wilczek, 1983] [Peccei, Quinn, 1977] [Wilzeck, 1978 [Weinberg, 1978]
Abbott, Sikivie, 1983] [Dine, Fischler, Srednicki, 1981] [Zhitnitsky, 1980]
Dine, Fischler, 1983] [Kim, 1979] [Shifman, Vainshtein, Zakharov, 1980]




Axion Dark Matter

10~%%eV eV GeV  10T1ev Mpy 10M
|

| | | | |
<+ | | | | >

“Ultralight” DM

10-°
10~7
10-8
SN1987A
_ Solar v
10~° )
— 1010 .. LT Horizontal branch SN,
| Fermi-SNe Mrk 421 H"o—‘ 9874 (
£ & o
> 1071 S A L 22 % %
D) W EVESE o\ 1957 A ? MWD > & o'R /I/
U 10_12 - Chandra F.L]Pol::lrlsatlon 5 E =) 5‘ "
—_ 13 3 : - § O%s s
107 g %, &
E— 3 ‘@ <b
< 1014 = ("o& é
= = > (
tﬁ% 10715 =

10-16

10~V

10-18

10_19 IRRLIL AL L L R L B L SRR SRR R R R

XQ/@&Q/“XQ/XQXQ/Q x()/% @/7 x0/6x0/6 xQ/AKQ/6 x()/q'@/x AQ A0 AT AT AT 4P 4 AT
mg [eV] [Ciaran O’Hare, 2020]

+

N\
%,
XMM-Newton &

sutds ajoy oerg




Axion Dark Matter

10~%%eV eV GeV  10T1ev Mpy 10M
|

I I I I I
<+ | | | | | >

“Ultralight” DM

10-¢

107

10-8

10-9 Solar v T
1010 . Akl Horizontal branch

19874 ‘
% )
5.

X

7

c
o

Fermi-SNe Mrk 421

1 —-11 Hydra %\’bzq}%
0 NS
o

Fermi MWD Pol.
B

MS7 o

oo

uornpoery
UOI}eSTUO]

10—12
10—13
10—14

Haloscopes

IAXO
BREAD

BRASS
¢’ \ ORGAN

5
&
&

RN
&

2

e

Qayy| [GeV 1]

Lol ool cod o 1
| suids ajoy xae[g% %\
©
&
3
&
© D

MADMAX
101 | W] \ ALPHA
ADMX

1071
10~V
1018
1019

}

M-Radio

FLASH +
v
THESEUS l X
XMM-Newton ‘ ‘ &

eROSITA”

ILLALY UALLLY BLUALLALLL AL ALY LAY ALY BLAUALLALLY AL ALY WAL ALY WSUUALLALLL ELLALAALLL ALY AL
2

A 40 9 % T 6 5 A 3 2 A0 D ok
\§ @A@A 407 407 407 107 407 407 40740 40" A0 40 407 40 10

My [eV] [Ciaran O’Hare, 2020]

“

A AP 4d



Standard Optomechanics




Standard Optomechanics

P, pump

Y pump Wn




Standard Optomechanics

P, pump

n C Z

Y pump Wn

T
]

_ %0{ Jd3r n(r) E(r) - E(r)




Standard Optomechanics

P, pump

/pump Wy =mn—=Cs, N CZ
mec L
H, = Z 2o (aplagzbl;fm + .-
P1-P2Kny
>




Standard Optomechanics

r—» — — B
Pyl = D¢ + Dv2
(o i B
PP oqol,_\ Wry1 = Wm + Wry2
" y
B Gioheas L
< >

P, pump

/pump Wy =mn—=Cs, N CZ
mec L
Hon= 2, 8 (“pl.
P1-P2-Km
>




Standard Optomechanics

( 9 )
P = 4D
N¢ ~--- 4 » o

ponp NVQ:LL\ O = 2
m — 4CsWopt

- _

< >

P, pump

/pump Wy =mn—=Cs, N CZ
mec L
Hon= 2, 8 (“pl.
P1-P2-Km
>




Standard Optomechanics

é )
Y, ANNAA~O ~ = = = ;5 Py = 2p v
pomp 0@, IL\ - O = 2C.swopt )
¥ Stolxesg L
< >
P pump
/s
Y pump r(;l)é’%::nzcs, n C 7
How = 80 (ap
P1-P2-Km
Y Stokes
>




Standard Optomechanics

a N
Py = 2p
\(PumP AN = == = ;5 \(PUMP AN T ég-}olol O —9 !
Oq"’ll_\ and /or . Je o Tm CSWOPtJ
¥ StoheS /{ d
Poump
7I8
/pump Wy =mn—=Cs, N CZ
mec L
Z g0 (ap@ty +aligip, )
P1,P2.K
Y Stokes Y aStokes
>




Standard Optomechanics

r ~
L Gapoket P = 2Py
fop VG G T Uy = 2,0
ll_\ and /or - sopt
L g7
Poump
s
/pump Wy =mn—=Cs, N CZ
mec L
RO VICT T
P1.P2.K
YStokes VaStokes I=> ' |g | N }Sglclmp pump]
>




Standard Optomechanics




Standard Optomechanics

SR ——— =
=\ |——(1-R)N,
KW H t

v

L



Standard Optomechanics

e[ [ =
= | |——(1-R)N,
<—TRN, t
S v
L
dN7 AN»Y C(]. — R) 1 C




Standard Optomechanics

w) = W— ) = i ei(w—wn)te—t/(%—) _ 7-_1/2
) = st ) = F g 2 o= P+ (2P

n n



Standard Optomechanics

D ———

) =\ |— (- RN,
%II t

v

L
dN, AN, c¢(1—-R) 1 c
d¢t ~ L/c L Ny 2> 7 _K_(I—R)_lL
Ncirc N 4PLT
y,L
Wy,

w) = W— ) = i ei(w—wn)te—t/(%—) _ 7-_1/2
) = st ) = F g 2 o= P+ (2P

n n



Standard Optomechanics

D ———

) =\ |— (- RN,
%II t

v

L
dN, AN, c(1—-R) 1 c
it "L L o T SRR
4Pt (72)?
NSIe ~

w; A2+ (171/2)?

w) = W— ) = i ez’(w—wn)te—t/(27) _ 7-_1/2
) = st ) = F g =2 o+ (2P

n n



Standard Optomechanics

r ~
Py = 2D

Qm — 203W0pt

T
Y pump r(;l)é’%::nzcs, n C 7
_ T
Hom =2, & (“Pl.bkm>
P1.P2Kp
2
YStokes |=> I « |g0| N},’pump
> [Kashkanova et al.. 2017]

Qm W [Reningner et al., 2017]



Standard Axioptomechanics

- f )
Y NNANAE ~ = - o % pd) = 2p7
porp . Wl + Wg = Wro + W
¥ . v1 a 2 qSJ
Y- N
o
Ppump
}/pump
Yaom
— L .
Qm w




Standard Axioptomechanics

[ )
S Y Py =2 2py
j’\l""o_,_‘ val T Wa = Wy2 + Wy
/, -
Q . Yaom
Poump
1
Foump - 8awjd3" a(r) n(r) E(r) - B(r)
\/2
—Z (‘”(g pa)(a aWﬂ)
ayy PPk,
Pi.P2.K Ma
P> Toc g9 P( 82,2
Yaom X gO gan
a
I\ > X Ny,pump
O W




Standard Axioptomechanics

( )
S Y Py =2 2py
;"—.4 (W71t Wa = Wy W
) -
a Y,
Ppump
1
Foump - 8awjd3" a(r) n(r) E(r) - B(r)
}/aom
— |
O




Coherent enhancement: Phonons
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Axioptomechanics: Rates
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Sensitivity & Scanning Strategy
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Axioptomechanics: Numbers

[A.D. Kashkanova, A.B. Shkarin, C.D. Brown, et al. , 2017]

Yale University Jack Harris Lab

m For usual experiments in their lab:
> Npump ~ 106 Ppump ~ 1 ,LLW
= Ny =1 L ~ 100 ym

.Fopt/ﬂ' ~ 105

Yogesh Patil Jack Harris

Yale University

Yale University




Axioptomechanics: Numbers

[A.D. Kashkanova, A.B. Shkarin, C.D. Brown, et al. , 2017]

m What could be feasible to achieve:
=> Npump = 1017 Ppump ~1W

= N, ~ 10 L~1m
.Fopt/ﬂ' ~ ].06

Yogesh Patil Jack Harris

Yale University

Yale University




Axioptomechanics: Numbers

|A.D. Kashkanova, A.B. Shkarin, C.D. Brown, et al. , 2017]

m What could be feasible to achieve:
= Npump = 10" Poump ~ 1 W

= N, ~ 10 L~1m
fopt/ﬂ"\" 106

EQ o Yogesh Patil Jack Harris

Yale University

Yale University Jack Harris Lab

Yale University

Rana Adhikari

Caltech

Yuta Michimura
Caltech

5> Npump =~ 1016 Ppump ~1W
+ Ny ~10° L~ 10cm
Fopt/ﬂ' ~ ].06



Axioptomechanics: Numbers

|A.D. Kashkanova, A.B. Shkarin, C.D. Brown, et al. , 2017]

m What could be feasible to achieve:
= Npump = 10" Poump ~ 1 W

+ Ny ~ 10 L~1m
Fopt/ﬂ' ~ 106

EQ o Yogesh Patil Jack Harris

Yale University

Yale University

[
Q
~

Rana Adhikari

Caltech

Yuta Michimura
Caltech

Sideband emission rate
[Quanta /s - Hz]

10—8 .

[L. MCCuller, 2022] ~20 -15 -10 -5 0 5 10 15 20

----—-

16 Sideband offset frequency, Q/2rn [MHz]

Poump ~ 10 kW
L ~5m
> Npump = 102 7, /7 ~ 106

+ Ny~ 10  L~10cm
Fopt/ﬂ' ~ ].06



Sensitivity & Scanning Strategy

Fsig (tint/Ta)

SNR =
Fback

Phonon populated

> 3 '=> Garyy > f(ma, cavity, lasers, material)

Sources of noise

Thermal phonons

Ypump
.L%MI‘ ’Ysig

Otn

n(T] = (/T — 1)




Sensitivity & Scanning Strategy

SNR = FSigI(‘tint/ ) >3 5> Yayy > f(mg,cavity, lasers, material)
back

Phonon populated

Sources of noise

Laser frequency noise Thermal phonons

p(e) Youms
.L%MI‘ ’Ysig

Otn

nf(T] = (/T — 1)

A




Sensitivity & Scanning Strategy

SNR = FSigI(‘tint/ ) >3 5> Yayy > f(mg,cavity, lasers, material)
back

Phonon populated

Sources of noise
Dark Count Rate

Laser frequency noise

Thermal phonons

A~ (nﬂm lirreducible noise] 4 p(CU) “Ypump
Wi e s
| Pth .

Fsig

SNR — > 3 w —
I'bcr W n:’bh[T] = (e /T — 1)~




Sensitivity & Scanning Strategy

SNR =

Fsig (tint/ Ta)

Fback

Phonon populated

> 3 '=> Garyy > f(ma, cavity, lasers, material)

Laser frequency noise

A

p(w)

Thermal phonons

Ypump
Llfh/\/\ Vsig
th -’




Sensitivity & Scanning Strategy

Fsig (tint/Ta)
Fback

Phonon populated

SNR =

> 3 '=> Garyy > f(ma, cavity, lasers, material)

Laser frequency noise Thermal phonons

ANAA ﬁ@w\ 4 p(CU) a Ypump LL)\,V\




Sensitivity & Scanning Strategy

SNR = PSigI(‘tint/ 7a) >3 > Gayy > f(ma,cavity, lasers, material)
back

Phonon populated




Sensitivity & Scanning Strategy

SNR = PSigI(‘tint/ 7o) >3 © > Jayy > f(ma,cavity, lasers, material)
back

Phonon populated




Curves: heavy axion regime
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Conclusions

Importance of exploiting potential of existing /upcoming experiments to explore

dark matter possibilities (the more motivated the better).
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