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(i) Electron and Positron’s g-factor measurement
  and its Quantum Logic Spectroscopy

(ii) Dark Photon/Axion Search using trapped Electrons
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The most precise QED calculation test → electron’s magnetic moment



• Magnetic moment of an orbiting charge
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>13,000 Feynman diagrams



5XF, et al, Phys. Rev. Lett. 130, 071801 (2023)
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234 S. Laporta / Physics Letters B 772 (2017) 232–238

Fig. 1. The 4-loop self-mass diagrams.

a(4)
e = T0 + T2 + T3 + T4 + T5 + T6 + T7 +

√
3 (V 4a + V 6a) + V 6b + V 7b + W6b + W7b

+
√

3 (E4a + E5a + E6a + E7a) + E6b + E7b + U . (7)

The terms have been arranged in blocks with equal transcendental weight. The index number is the weight. The terms containing the 
“usual” transcendental constants are:

T0 + T2 + T3 = 1243127611
130636800

+ 30180451
25920

ζ(2) − 255842141
2721600

ζ(3) − 8873
3

ζ(2) ln 2 , (8)

T4 = 6768227
2160

ζ(4) + 19063
360

ζ(2) ln2 2 + 12097
90

(
a4 + 1

24
ln4 2

)
, (9)

T5 = −2862857
6480

ζ(5) − 12720907
64800

ζ(3)ζ(2) − 221581
2160

ζ(4) ln 2 + 9656
27

(
a5 + 1

12
ζ(2) ln3 2 − 1

120
ln5 2

)
, (10)

T6 = 191490607
46656

ζ(6) + 10358551
43200

ζ 2(3) − 40136
27

a6 + 26404
27

b6

QED 10th-order A(10)
1

12,672 Feynman vertex diagrams divided into 32 subsets:

I(a) I(b) I(c) I(d) I(e)

I(f) I(g) I(h) I(i) I(j)

II(a) II(b) II(c) II(d) II(e)

II(f) III(a) III(b) III(c) IV

V VI(a) VI(b) VI(c) VI(d) VI(e)

VI(f) VI(g) VI(h) VI(i) VI(j) VI(k)

An external photon can be inserted in

one of the electrons of the straight bottom line: I, II, III, IV, and V
one of the electrons of the oval loop: VI

· 6,354 vertex diagrams w/o a fermion loop, Set V. di�cult
· 6,318 diagrams w/ closed fermion loops, Set I-IV, IV. easier

Makiko Nio (RIKEN) QED corrections to g�2 SchwingerFest2018:g-2 16 / 35

I heard this type is
most difficult

T. Kinoshita M. Nio S. Laporta S. Volkov
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10th-order Set V: diagrams w/o a fermion loop

Set V is the source of uncertainty of the QED contribution to ae.
6,354 diagrams, more than a half of 12,672 diagrams of the 10th order
Ward-Takahashi concatenation:

6354/ 9 = 706 ! 389, because of time-reversal symmetry.

Makiko Nio (RIKEN) QED corrections to g ! 2 SchwingerFest2018:g-2 17 / 35
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Phys. Rev. Lett. !"! , 161802 (2023) Physics reports ##$, 1 (2020)

Δ! μ = ! μ
exp –"! μ

theo. = 498(96) × 10−11

Δ! e = Δ! μ ×(me/mμ)2    = 0.12  × 10−12

4.2!
e

B

e

?

μ
B

μ

?

×(me/mμ)2 

only a factor of 2.2!
improved α measurement ongoing

electron g-factor: σ(! e) = 0.26  ×10-12

white paper value
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νa = νs- νc
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Figure 4.9: Typical line shape of cyclotron transition (left) and anomaly transition (right)
for one day of data. Fitting with a Gaussian noise model is shown. The determined center
frequencies ø! !

c and ø! !
a are shown by the black line, with the error indicated by the gray

region.

p-value. The data here demonstrates that the measurement is consistent within a narrow

range of magnetic Þelds. We also measure theg-factor at widely di! erent magnetic Þelds to

check the other systematic errors.

4.3 Microwave Cavity Correction

The conductive electrode surface of the Penning trap electrodes forms a microwave cavity

that has resonances near the cyclotron frequency. In addition to the inhibited spontaneous

emission, it also alters the measured cyclotron frequency in the trap cavity ø! cav
c from ø! c

as [52,53]

ø! cav
c = ø! c + " ø! cav

c = ø! c

!
1 +

" ø! cav
c

ø! c

"
(4.34)

The e! ect does not change the spin frequency, but the anomaly frequencyÑthe di! erence

of spin and cyclotron frequenciesÐshifts from the true anomaly frequency as

ø! a ! ø! a " " ø! cav
c . (4.35)
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target ion
(has a good transition, but difficult to read out)

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

entanglement
transfers the quantum state

! requires an ion with similar q/m

atomic ion clock
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XF, A. Noguchi, and K. Taniguchi
arXiv:2502.14157, accepted in Phys Rev A

spectroscopy e-

(target)

logic e-

(readout)

B

Huge B2
CHAPTER 7. WIRE-MEDIATED LONG-RANGE ION-ION COUPLING 81

Figure 7.2: Analytic classical energy evolution of two resonant trapped ions coupled with
coupling strength ! = g/ (2m" ) = 2 # ! 80 Hz. In this idealized case, full exchange of the
energies occurs att = 3.2 ms.

coupled harmonic oscillators, with the classical Hamiltonian for such a system given by

öH =
2!

i =1

1
2

mi v2
i +

2!

i =1

1
2

mi " 2
i x2

i + gx1x2, (7.1)

wheremi , " i , vi , xi are the mass, frequency, velocity, and position of ioni , respectively. Again,
the g parameter represents the coupling strength between ion 1 and ion 2, and its physical
origin is detailed in Section7.1.2. For pedagogy, let us consider the dynamics of identical
ions in the resonant case such thatm1 = m2 = m and " 1 = " 2 = " . Then solving for each
ionÕs equation of motion gives

x1(t) = A1 cos($+ t) + B1 sin($+ t) + A2 cos($! t) + B2 sin($! t), (7.2)

x2(t) = A1 cos($+ t) + B1 sin($+ t) " A2 cos($! t) " B2 sin($! t), (7.3)

where$2
± = " 2 ± g/m are the eigen-frequencies of the normal modes. Now inserting initial

conditions ofx1(0) = A and x2(0) = úx1(0) = úx2(0) = 0, we can simplify the above equations
to

x1(t) =
A
2

[cos($+ t) + cos($! t)] = A cos
"

$+ " $!

2
t
#

cos
"

$+ + $!

2
t
#

, (7.4)

x2(t) =
A
2

[cos($+ t) " cos($! t)] = " A sin
"

$+ " $!

2
t
#

sin
"

$+ + $!

2
t
#

. (7.5)
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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 B2

can separate spectroscopy and readout

 x75 better magnetic field homogeneity
 x20 better electric field harmonicity
→ x30 better S/N ratio
 x30 insensitive to voltage fluctuation
 x8 better systematic
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• e+ g-factor measurement
- !"##$%&''&($')*+$%&,-(&, most precise lepton CPT test

• me+/me- at 10-11 precision, !"#.###$%&''&($')*+$%&,-(&
- co-trapping proton and positron
- anti-gravity test at  δ(𝑔̅/𝑔)~0.03 level Collab. with Stefan Ulmer

(HHU/CERN/RIKEN)

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

One-Electron Quantum Cyclotron as a Milli-eV Dark-Photon Detector
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We propose using trapped electrons as high-Q resonators for detecting meV dark photon dark matter.
When the rest energy of the dark photon matches the energy splitting of the two lowest cyclotron levels, the
first excited state of the electron cyclotron will be resonantly excited. A proof-of-principle measurement,
carried out with one electron, demonstrates that the method is background free over a 7.4 day search. It sets
a limit on dark photon dark matter at 148 GHz (0.6 meV) that is around 75 times better than previous
constraints. Dark photon dark matter in the 0.1Ð1 meV mass range (20Ð200 GHz) could likely be detected
at a similar sensitivity in an apparatus designed for dark photon detection.

DOI: 10.1103/PhysRevLett.129.261801

The particle nature of dark matter (DM) and its inter-
actions with the standard model (SM) of particle physics
remains a mystery, despite decades of experimental scru-
tiny [1Ð6]. The mass of the DM is unknown, and the
possibility that it is made of ultralight bosons and can be
described as a classical wave has received significant
inquiry in recent years[7Ð12]. One such ultralight dark
matter candidate is the dark photon (DP), a hypothetical
spin-1 particle[13,14] that is theoretically well motivated
and possesses cosmological production mechanisms that
can produce the observed DM abundance[15Ð22]. Such a
DP will generically have a kinetic mixing with the SM
photon because this term is allowed by the symmetries of
the theory (so long as the DP does not have a non-Abelian
gauge symmetry). This kinetic mixing allows dark photon
dark matter (DPDM) to be looked for in existing[23,24]
and forthcoming experiments[25].

In this Letter, we propose a promising new direct
detection technique using one-quantum transitions of one
or more trapped electrons that are initially cooled to their
cyclotron ground state. We demonstrate the viability of this
technique with a proof-of-principle measurement that sets a
limit 75 times better than previous constraints. This new
limit is only for a narrow mass range because of limitations

of an apparatus designed for making the most accurate
measurements of the electron and positron magnetic
moments[26]Ñ to test the standard modelÕs most precise
predictions[27Ð35]. With an apparatus designed for DPDM
detection, including efficient scanning of the resonant
frequency, the mass range could be greatly extended.

The relevant properties of the DP are captured by the
Lagrangian (in natural units)[13]

L ! "
1
4

F0
!" F0!" !

#
2

F!" F0
!" !

1
2

m2
A0A0

! A0! : "1#

HereA0
! is the DP vector,F0 and F are the DP and SM

photon field strengths respectively,# is the kinetic mixing
parameter, andmA0 is the mass of the DP. The DPDM
manifests as dark electric and magnetic fields oscillating at
a frequency set by the DP mass$ A0 $ mA0c2=! , wherec is
the speed of light and! is the reduced Planck constant. In
the presence of a kinetic mixing with the SM photon, these
dark fields cause effective (#-suppressed) SM electromag-
netic fields. These can be detected by devices sensitive to
tiny electric or magnetic fields at the frequency$ A0.

A plethora of complementary experiments have been
designed with sensitivities to different DM masses. The
frequency range we focus on, 20 to 200 GHz (i.e., 0.1 to
1 meV) is particularly challenging experimentally, yet well-
motivated theoretically by the minimal DPDM model with
purely gravitational production[15]. This range is too high
for extremely high-Q resonators (e.g., as used by ADMX
[36,37], CAPP[38Ð40], and HAYSTAC[41,42]). At the
same time, the corresponding photons are below the energy

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 Internationallicense.
Further distribution of this work must maintain attribution to
the author(s) and the published articleÕs title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS129, 261801 (2022)

0031-9007=22=129(26)=261801(6) 261801-1 Published by the American Physical Society
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cyclotron motion

Axion in galaxy

electron(s)
left at nc=0

nc=0 nc=1

• meV range (mm-wave)
• compatible with B field
• background free
• tunable 0.1-1 meV

meV B-compatible
BG-free photon counter

XF, et. al., Phys. Rev. Lett. 129, 261801 (2022)
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most unique part, maybe?
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axion-induced photon

+ dilution refrigerator



• Will do Quantum Logic Spectroscopy of an electron/positron

• Quantum Cyclotron Photon Detector for Axion Search
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QLS
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