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Quantum Detectors

electron spin

f

measure quantum energy levels precisely
for new physics search

The most precise QED calculation test — electron’s magnetic moment
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Magnetic Dipole Moment (MDM)

* Magnetic moment of an orbiting charge

angular e
momentum L
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g(SM calc, Rb) = 2.002 319 304 360 50 (18)

Most precise prediction of the Standard Model
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XF, et al, Phys. Rev. Lett. 130, 071801 (2023) :
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SM calculation
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Fig. 1. The 4-loop self-mass diagrams.
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Able to Check Muon g-2?

Phys. Rev. Lett. I"l , 161802 (2023) Physics reports ##3$ 1 (2020)

Al =1 e theo.=498(96) x 10711 4.2!
C white paper value
Al = Al x(mg/m)? =0.12 x 1072

electron g-factor: o(! .) =0.26 X 102

only a factor of 2.2!
improved a measurement ongoing



Principle

In free space

1.
|

In @ Penning trap

ce®> |

cyclotron motion
v~150GHz

of g-factor measurement

g heB
AEl = Zﬂ - B = 2 X
/ g
spin precession g cyclotron motion
energy ! " g E — V_ energy ! ",
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axial motion

v,~100MHz




Electron Detection Wlth Axial Motlon
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Quantum Cyclotron Motion

Quantized energy levels

(Landau levels)

spin | 1> spin | >

n,=2 cyclotron
anomaly \E Y+4£'5s
Vi Va = Vs~ V¢
v.=150 GHz | 1170&7 .= n=0
! A
e hVC/kB =7.2K n|=1
Tirap=100mK y 1 spin frequency
.
! Ve
N=0  —————— o) v
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Quantum Nondemolition Readout

monitor N
]

axial frequency v,

| > potential along O n=1
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Apparatus

vacuum chamber dllutlon fridge LHe Dewar with a magnet
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Spectroscopy

Transition Prob. vs Drive Freq

Apply drive, measure cyclotron and anomaly transition prob.
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Measurements at Different Fields

cyclotron frequency (GHz)
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Need to Improve Magnetic Homogeneity

frequency detuning in ppb
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Quantum Logic Spectroscopy

atomic ion clock target ion

(has a good transition, but difficult to read out)

entanglement
transfers the quantum state

readout ion
(okay-ion. very easy to readout)

| requires an ion with similar g/m
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Wire-mediated

Quantum Logic Spectroscopy of

XF, A. Noguchi, and K. Taniguchi

an Electron and Positron

arXiv:2502.14157, accepted in Phys Rev A
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1. excite the spectroscopy e
2. transfer quantum state to the logic e
3. measure the axial frequency of the logic e

using a HUGE B,

/can separate spectroscopy and readout \

x75 better magnetic field homogeneity
x20 better electric field harmonicity

- %30 better S/N ratio
x30 insensitive to voltage fluctuation

K x8 better systematic /
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Comparison with Positrons

et g-factor measurement <\.
- "#H3%E&"&($)*+3%&,-(&ost precise lepton CPT test ﬁ‘ ;

* m,,/m,.at 101! precision, !"#.###$%8&"&($')*+$%&,-(&
co-trapping proton and positron
Collab. with Stefan Ulmer

anti-gravity test at 6(g/g)~0.03 level (HHU/CERN/R|KEN)

Many more ideas:
special relativity detection, SQUID detector, sideband
cooling, spherical trap, proton-positron co-trap, etc




Precision Measurement Meets Axion Search

1 *=n.=2
1 *+ng=1

<+n.=0
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Dark Photon/QCD Axion Search

PHYSICAL REVIEW LETTERS129, 261801 (2022)

One-Electron Quantum Cyclotron as a Milli-eV Dark-Photon Detector

Xing Fan® 1" Gerald Gabriels&, Peter W. Graham > Roni Harnik>® Thomas G. Myer§ Harikrishnan Ramani **
Benedict A. D. Sukra ?,Samuel S.Y. Wong °,and Yawen Xiao”

axion-photon coupling

‘%‘ theory collaborators
o) "HSY& ()G, ")

b " Stanford . Peter Graham

I"#$%

University . Harikrishnan Ramani
e  Samuel S. Y. Wong
. Yawen Xiao
0-'1+2#3)4#"+&$#2)5#3&'#" &
. Roni Harnik
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Trapped-Electron

Milli-eV Detector

electron(s)
left at n.=0

cyclotron motion

* compatible with B field
* background free
* tunable 0.1-1 meV

meV B-compatible
BG-free photon counter

most unique part, maybe?
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Experimental Approach: Dish Antenna

) photon "#$%"&' () (*+%,+$

-~
* Dark Photon M

polarization

X E//B

’t photon ,/ "4#$%"8. () (“+%, +$

* Axion P

B field
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just leave at n;=0 and monitor n,.
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15
time (h)

narrow because we used the g-factor setup
what if we construct a dedicated system?
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Focusing Antenna

open Penning trap

signal

focusing
antenna
(BREAD)

A
v

2m

XF. et al, accepted in Phys. Rev. D
BREAD, PRL-./ , 131801 (2022)
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Designs

)

solenoid

+ dilution refrigerator

Axion conversion
antenna

axion-induced photon
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Summary

* Will do Quantum Logic Spectroscopy of an electron/positron

* Quantum Cyclotron Photon Detector for Axion Search
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