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1. Introduction



Quantum technologies are rapidly developing
* Quantum computing is (probably) a primary driving force

e Many quantum devices are excellent sensors, sensitive to
external fields

and more ...

Transmon Qubit NV Center Rydberg Atom
[All the pictures are from Wikipedia]

= They can be (potentially) used to detect BSM physics



Today, I focus on Rydberg atoms
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Rydberg atom: highly excited atom (here, Yb)
e A prominent qubit platform for quantum computation

e Rydberg atoms are sensitive to external electric field



What I discuss today: DM detection using Rydberg atoms

& Other proposals of DM detection using Rydberg atoms
[Matsuki, Yamamoto ("91); Ogawa, Matsuki, Yamamoto ('96); Gue, Hees,
Lodewyck, Targat, Wolf ("23); Engelhardt, Bhoonah, Liu ("23); Graham et al.
("24); for GW detection, see also Kanno, Soda, Taniguchi ("23)]
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2. Rydberg atoms



Rydberg atom ~ inner core + excited electron

Excited electron

Inner-core electrons Nuclear core

13.6eV 13.6eV
b~ — = 566)2 = — Vze o¢ ~ O(1): “quantum defect”

Interaction with external electric field £
Hine = eE 7

7 position operator of the excited electron
Transition may occur with external electric field

— It can be used for DM detection, if DM induces E



I consider excitation of Rydberg atoms by dark photon DM:

1 1 1 1
L3 = Fu " — 2 Xy XM — CeFu, XM+ §m§(XMX“

F,,: EM field / X,,: dark photon

Dark photon DM background induces effective electric field

L , 1 .
X ~ Xiicos(mxt+ ¢) with ppy = §m§(X2

o
X: hidden photon
o
EPM — _eX = emyx X iisin(mxt + ¢)

|[EOW)| = ¢\/Zppys



Excitation of the Rydberg atom from |i) to | f)
d - -
i [0(8)) = (Ho + Hine) [$(1))

Zc He el o) with Hyla) = E,|a)

Evolution equat10n:

iCy e Z E e~ Es—Ea)l gin(myt + ¢)Cs

At the leading order in E (with C;(0) = 1):
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Solution (for wy; = Ey — E; > 0):

ei(wﬁ—mx)t 1

Clryy ~ —ie 9
f#i e Wri — my

Transition probability:

Pfi(t) ~ (7775)2 Wi((mx — wfi)t)
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Py; is enhanced in the resonance limit (wy; ~ mx)

e When wy; ~ myx, Pr; becomes larger as we wait longer

* For wy; > mx or wy; < mx, Py; is suppressed



The integration time should not exceed the coherence time 7

® 7 ~ min(mmM, TRyd)

—1
2
TDM "~ 7T2 ~ (.04 msec X ( DM )
MpMUpp 100 ,LLGV

TRyd ~ O(0.1 — 1) msec (depending on temperature)

e We take ¢t ~ 7 to estimate the expected sensitivity

w¢i = Ey — E; 1s fixed for each single measurement

= We can probe DM with |mx —w| S 771

= We should scan wy; with the scan step ~ 77!



Advantages of Rydberg atoms for DM detection:
 We can trap, manipulate, and readout Rydberg atoms
e There are many Rydberg states

& We can design setup for various DM masses

° <f‘ 7%’7’> ~ TRyd ™~ nQCLBohr

< Dipole interaction is enhanced

& We use rydcalc package to calculate matrix elements
* Rydberg states have (relatively) long lifetime

& It gives longer coherence time of the system



3. DM detection using Rydberg atoms



I consider Rydberg states of Yb atom (particularly, 1™Yb)
e Ground state: [Xe] 4f1* 6s?

* One electron in 6s orbit is excited to realize Rydberg state

Matrix element (f|r|i) is suppressed when |v; — Vel > 1
e Case 1: |i) ~ |v1,£=1,m=0), |f) = |vy,l =0,m=0)

) =

(11, 10) = (30.05,30.72), (31.05,31.72), - - -, (60.05, 60.72)

e Case 2: |i) ~ |vg,l=0,m=0), |f)~=|v,l=1,m=0)
(

(11, 1v9) = (70.72,71.05), (71.72,72.05), - - -, (88.72,89.05)



Protocol for the DM search with Rydberg atoms

e Atoms are trapped in optical tweezer arrays

e Atoms are excited to Rydberg states by excitation laser
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o After waiting ¢ ~ 7, states are read out

= Signal: transition between Rydberg states



Readout via selective ionization

1. Apply laser pulse with frequency |E;| < w < |E}]

Energy
[Y lonized

0 —

Ef—

f) lo = Rydberg atoms in |f) state are ionized

Ei— i)

2. Ions are driven out from the trap and detected

= The number of atoms in |f) state can be counted

Notice: Ey > E; is necessary

& Any process |i) — |o) with E, 2 Ey is background



Background
Excitation due to background blackbody radiation (BBR)
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Energy levels are sensitive to external magnetic field

& Zeeman and diamagnetic effects
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= We may apply external B field to scan DM mass



fri as a function of external magnetic field
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Expected sensitivity (10 sec per frequency bin with Aw ~ 771)
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= We may access relatively high DM mass (mx 2 100 ueV)

= Experiment at lower temperature is desirable



4. Summary



I have proposed a DM detection with Rydberg atoms

= Rydberg atoms provide an interesting platform for DM de-
tection

= Mature technologies exist for trapping, manipulation, and
readout

= We may reach parameter region which has not been ex-
plored before

Challenges:

e Control of the magnetic field for frequency scan
* Experiment at low temperature

e Fast state preparation (filling of Rydberg atoms)



Backups



Function W((mx — wy;)7)
* Peak: wy; =myx

e FWHM: A ~ 5.6 (in it = (my — wp;)7))




Lifetime of the Rydberg states of 1™Yb
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[based on PairInteractions]

= Lifetime is longer at lower temperature



Rydberg atom: Trapping
e Atoms in electric field are polarized

d~a(w)E = UF)~ —%@(W)‘E(F)lz

a(w): Atomic polarizability
e Atoms are attracted to high intensity (for small enough w)

Optical tweezers for trapping Rydberg atoms

=

‘ Laser \Rydberg atom

= Now, optical tweezer array (OTA) is available
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