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170 cm
= 1.7m
= 1.7×c × !	#$%

&''	('&	)*+

= 1.7×c × !
&''	('&	)*+×

'	!'&	,-!	((.
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travel of light in 1/νCs
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• always relative

Optical Lattice Clock Ion Clock

10-16

Cs Clock
Δν/ν ~10-16

Δν/ν ~10-18 Δν/ν ~10-18

10-16

10-18

another clock
10-18

another Ion Clock
10-18
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two stable arms → common mode cancellation
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• Make the system insensitive to what you do not want to see

laser frequency fluctuation
power fluctuation
feedback loop noise …

If we did not have this arm
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FIG. 1. Fourier transform of the residuals from a fit following
Eq. 3 excluding ⌘N , ⌘A, and ⌘� (red dashed line), and from
the full fit (black line). The peaks correspond to the missing
betatron frequencies and muon losses. Data are from the
Run-3a data set. Inset: corresponding asymmetry-weighted
e
+ time spectrum (black line) with the full fit function (red
line) overlaid.

a method of overlaying waveforms rather than model-
ing the reconstruction response to proximate crystal hits.
The pileup uncertainty is reduced from 35 ppb in Run-1
to 7 ppb in Run-2/3.

The other significant reduction is related to transverse
beam oscillations. The repair of the damaged ESQ re-
sistors removes the majority of systematic e↵ects associ-
ated with large changes in the betatron frequencies over a
muon storage period. Additionally, the higher statistical
precision allows for improved empirical modeling of the
decoherence envelope, enabling a wider range of possibil-
ities to be studied. The uncertainty drops from 38 ppb
in Run-1 to 21 ppb but remains the dominant systematic
uncertainty for Run-2/3 for !m

a .

Smaller reductions are achieved in the systematic un-
certainties from a residual early-to-late e↵ect and the
calorimeter gain correction (see Ref. [2]), resulting in val-
ues of 10 ppb and 5 ppb, respectively.

Beam-dynamics corrections Ci.—Five corrections must
be made to convert the measured frequency !

m
a into the

anomalous precession frequency !a in Eq. 1.

The largest correction is due to the electric fields of
the ESQs. The e↵ect on !a is minimized by the choice of
nominal muon momentum 3.1GeV/c [10]. The electric
field correction Ce is required to account for the momen-
tum spread of the muon beam.

The muon momentum distribution is determined from
the frequency distribution and debunching rate of the
injected beam using calorimeter data. Additionally, the
radial distribution of stored muons over a betatron period
is obtained from tracker data. The debunching analysis
takes into account di↵erences in momentum spread along

the injected bunch length that were not included in the
Run-1 analysis. Accounting for this di↵erence and us-
ing complementary tracker information reduces the Ce

uncertainty from 52 ppb in Run-1 to 32 ppb in Run-2/3.
A pitch correction Cp accounts for the reduction of !a

caused by vertical betatron oscillations. We use tracker
data to extract the distribution of vertical betatron am-
plitudes. The analysis is largely unchanged from Run-1.
Any temporal change to the muon ensemble-average

phase '0 in Eq. 3 will bias !m
a . Correlations between the

muon decay position and '0 are accounted for through
the phase acceptance correction Cpa. This correction is
evaluated by measuring the transverse beam distribution
throughout the storage period and using simulations to
determine the shifts in average phase at the calorimeters.
The size of Cpa is determined by variation in the beam
spatial distribution, which is significantly reduced by re-
placing the damaged ESQ resistors, and the associated
systematic uncertainty is reduced from 75 ppb to 13 ppb.
Phase is also correlated with muon momentum owing

to the momentum-dependent phase advance in upstream
beamline components [4]. A di↵erential decay correction
Cdd is required since the higher-momentum muons have
a longer boosted lifetime than lower-momentum muons.
Three separate contributions to the Cdd correction yield
a �15 ppb correction with 17 ppb uncertainty. This cor-
rection was not applied to the Run-1 analysis.
Muons lost during a storage period can also lead to a

change in the muon momentum distribution. This e↵ect
has also been greatly reduced by replacing the ESQ resis-
tors. The correction factor Cml is evaluated as 0± 3 ppb
compared to a correction in Run-1 of �11± 5 ppb.
Muon-weighted magnetic field fcalib · h!0

p ⇥ Mi.—The
increased temperature stability in Run-2 and Run-3 due
to thermal magnet insulation and improved hall tem-
perature stability results in a significantly more stable
magnetic field (RMS of 2 ppm for Run-2 and 0.5 ppm for
Run-3). Additional systematic measurements of the tem-
perature dependence of the petroleum-jelly-based NMR
probes used in the trolley have reduced the system-
atic uncertainty from trolley temperature changes to 9–
15 ppb, depending on the data set.
The calibration procedure is improved for Run-2/3

compared to Run-1. Not only are two calibrations per-
formed, one for each run, but the process is also opti-
mized, resulting in reduced uncertainties. Small di↵er-
ences between the sample volume in the calibration and
the trolley probes are now corrected. In addition, cor-
rection terms for the calibration probe are determined
more precisely. The overall systematic uncertainty from
calibration is below 20 ppb.
As in Run-1, the magnetic field is parametrized in a

multipole expansion in transverse planes. In the current
analysis, the number of terms used has increases from 9 to
12, improving the fit quality. The dominant uncertainties
for the spatial field maps—each approximately 20 ppb in

𝒈
𝟐 =

𝝂𝒔
𝝂𝒄
= 𝟏 +

𝒎𝝁

𝒆
𝝂𝒂
𝑩

measure spin frequency

measure cyclotron frequency
  (=magnetic field)

Magnetic Field Analysis for Fermilab Muon 6 � 2 A. Tewsley-Booth

2. Measuring l?

The magnetic field experienced by the muons is measured using several di�erent magnetometer
systems. The most important of these are the calibration probe, trolley, and fixed probe systems.
The primary field mapping system, the trolley, is an array of magnetometers located in the vacuum
chamber. The trolley is pulled by cable around the muon storage region, measuring the field as it
goes. Each of these systems uses NMR magnetometry, and together they form a calibration chain
that allows us to measure the absolute field to a precision of 114 ppb (56 ppb from the calibration,
measurements, analysis, and averaging; and 99 ppb from the e�ects of fast transient fields).

Figure 1: The trolley generates precise field maps as a function of azimuthal position as it travels around the
ring. Between trolley runs, these maps are interpolated using measurements from the fixed probes that track
the evolution of the field.

The calibration chain begins at Argonne National Laboratory in a precision MRI magnet.
There, the calibration probe is cross-checked with a He-3 NMR probe [8]. The two probes were
found to be in excellent agreement. The calibration probe is then transferred to the storage ring at
FNAL, where the calibration from the calibration probe is transferred to each of the trolley probes.
Then, as the trolley moves about the storage ring, it can transfer the calibration to the array of fixed
probes.

After calibration, the primary systems used to map the magnetic field in the storage ring are the
trolley and the fixed probes. The trolley makes its measurements in the same volume that the muons
fill. It has 17 NMR probes and takes measurements in about 4000 azimuthal locations around the
ring, as shown in Figure 1. However, the trolley cannot be operated during muon fills because it
blocks their path, so it is pulled out of the way into its garage most of the time, only mapping the field
about every three days. On the contrary, the fixed probes only measure at 72 azimuthal locations
and are physically located outside the vacuum chambers, but they can continue measuring the field
during muon fills, providing information about how the field evolves between trolley runs. Figure
2 shows the relative locations of the trolley and fixed probes in an azimuthal slice of the ring. The
two sources are combined in the analysis, with the fixed probe data being used to interpolate the
field map between the trolley runs. For Run-1, this procedure, from measurement through analysis,
accounts for 56 ppb of the total uncertainty.

3
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B

|↓>

|↑>

𝛿𝜔 =
𝜔
𝑄 =

1
τ

→clock measurement for new physics search 

ω

e-

e-

B
X

electron spin
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• Magnetic moment of an orbiting charge

𝝁 =
−𝑒
2𝑚𝑳angular

momentum L
e-

• An electron has a spin 𝑺 = ℏ
#

 

e-S= ℏ" 𝝁 =
−𝑒
2𝑚×

ℏ
2×𝑔?

ge/2= 1.001 159 652 180…
>13,000 Feynman diagrams

N

S
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• electron’s Compton length 
ƛ=ℏ/𝑚𝑐

unit: charge×length

ƛ• EDM’s natural size should be 
de ~ƛ×e ×	𝒪(1)

• so, de=eƛ/4=eℏ/4𝑚𝑐×η?
(will explain why shortly)

|η|< 1.1×10-18 (ACME II, |de|<1.1×10-29 e•cm)
|η|< 4.4×10-19 (JILA II, |de|<4.1×10-30 e•cm)
SM Prediction: |η|≦10-24

I take the last constant to be 1/4



11/74

spin

EDM is protected by the Charge-Parity symmetry (CP symmetry)

𝝁 =
−𝑒ℏ
4𝑚 ×𝑔 𝒅𝒆 =

−𝑒ℏ
4𝑚𝑐 ×𝜂

B

e-

e-

E

e-

e-

W

W

quarks

W

ν

required Feynman diagram in SM

ℋ = −𝝁 + 𝐵 − 𝒅𝒆 + 𝐸	

	 =
𝑒ℏ
2𝑚 (

𝑔
2 	�⃗� + 𝐵 +

𝜂
2 �⃗� + 𝐸/𝑐)

g η

Bohr magneton



12/74

Electron MDM

Electron EDM

Muon MDM

Muon EDM

g/2(theory)= 1.001 159 652 180 25(10)

g/2(exp.)= 1.001 159 652 180 59(13)

g/2(theory)= 1.001 165 918 10(43)

g/2(exp.)= 1.001 165 920 59(22)
white paper value

η/2(theory) < 10-24

η/2(exp.) < 10-18

η/2(theory) < 10-9

η/2(exp) < 2×10-7
a little

13 digits 10 digits
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lifetime of
electron
is
infinite!
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ge/2(theory)= 1.001 159 652 180 25(10)

e-

B

e-

= + + + … 5 loop?

𝒈	 = 	 𝟐	 +	
𝜶
𝝅 	 +	−𝟎. 𝟔𝟓𝟔…×

𝜶
𝝅

𝟐
+⋯

Most precise prediction of the Standard Model

fine structure constant
measured using Rb or Cs

QED contribution:  1.001 159 652 178 526 (093) 
QCD contribution:  0.000 000 000 001 693 (012)
weak contribution:  0.000 000 000 000 031 (000)

error mostly
from α
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𝛼!" Rb = 137.035	999	206 11
𝛼!" Cs = 	137.035	999	046 27

probably experimental reason?

new projects using Sr and Yb are being prepared 
   (private communication, Oxford, Northwestern)

H. Mueller (Berkeley, Cs)S. Guellati-Khélifa (LKB, Rb)
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1− 0.5− 0 0.5 1 1.5
1210×(g/2 - 1.001 159 652 180 59) 

Cs
Rb
g/2 2008
g/2 2022

0.5− 0 0.5 1ppt(a)
2023

SM(Rb)
SM(Cs)

g-factor 2008
g-factor 2023

-2 -1 0 1 2
(g - 2.002 319 304 361 18) ×1012

3

XF, et al, Phys. Rev. Lett. 130, 071801 (2023)

α discrepancy contribution is negligible 
in muon’s g-factor
δaμ(from α) ~0.1×10-11
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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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• Perfect B field
very very homogeneous
very very stable

• Perfectly controlled particle’s motion
isolated in free space
no movement
isolated from environment

• high statistics
many particles, not interacting with each other
or perfectly controlled interaction (spin squeezing?)

electron is trying to realize them
using an ion trap

not yet
long shot
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e-

or
∆𝑬𝒔 = 𝟐𝝁 + 𝑩 =

𝒈
𝟐 ×

ℏ𝒆𝑩
𝒎

B

spin precession
energy 𝒉𝝂𝒔

cyclotron motion
energy 𝒉𝝂𝒄

In free space

In a Penning trap

+

E field

+e-

B field

Be-

𝒈
𝟐 =

𝝂𝒔
𝝂𝒄

cyclotron motion 
νc~150GHz

axial motion
νz~100MHz spacer

electrode

BTtrap<100mK 



21/74

+

electric field

+e-

magnetic field
Be-

e.g. B=5.3T, V=33V
νc~150GHz >> νz~100MHz >> νm~50kHz
νs= νc× g/2 ~150.17 GHz

Cyclotron motion νc

Magnetron motion νm

Axial motion νz

sim
ilar?
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1. use single electron
- Coulomb interaction is too large!

2. cool the motion as much as possible
- suppressed systematic shifts

3. non-destructive detection
- repeatability, reproducibility, high duty cycle

very Atomic Physics approach
(clock-approach)
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νa = νs- νc

      =170MHz

νc 

spin frequency
νs

nc=0

nc=1

nc=0

spin |↓> spin |↑>

nc=1

Quantized energy levels
(Landau levels)

cyclotron
anomaly

e-
νc =150 GHz 
hνc/kB =7.2K

Ttrap=100mK

γc ~5s

νc 

nc=2

νc 
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𝑔
2 =

𝜈%
𝜈&

= 1 +
𝜈'
𝜈&

~1.001

😣 measure this
with 10-13

 precision
🤗 measure this
with 10-10

 precision

Quiz:
I am going to show you two kids.
Tell me which one is taller?



26/74



27/74



28/74

- measure the difference
- measure simultaneously
- measure at the same location

νs νc

νa



29/74

• Unlike muon, measuring electron’s spin 
is not obvious!

electron→ need to detect magnetic interaction

or
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monitor 
axial frequency νz

Nickel

nc=0

nc=1

B(z) = B0 + B2z2

V(z) = eV2z2 + μtotB2z2

electric
potenAal

magnetic
potential

μtot∝ nc

V(z)

z
nc=0

nc=1

axial frequency

po
w

er

potential along z

z

+e-

0 20 40 60 80 100
time (s)

0

1

2

δ / z
ω

∆
ν z

 sh
ift

  (
/1

.3
Hz

)

nc=0

nc=1

nc=2FFT
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dilution fridge LHe Dewar with a magnet

NbTi Solenoid
at the bottom
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50
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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 ⌫̄

⇤
c and ⌫̄

⇤
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 fields. We also measure the g-factor at widely di↵erent magnetic fields 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 ⌫̄
cav
c from ⌫̄c

as [52, 53]

⌫̄
cav
c = ⌫̄c +�⌫̄

cav
c = ⌫̄c

✓
1 +

�⌫̄
cav
c

⌫̄c

◆
(4.34)

The e↵ect does not change the spin frequency, but the anomaly frequency—the di↵erence

of spin and cyclotron frequencies–shifts from the true anomaly frequency as

⌫̄a ! ⌫̄a ��⌫̄
cav
c . (4.35)

107

anomaly

FWHM 0.3×10-9

cyclotron

𝑔
2 =

𝜈s

𝜈c
= 1 +

𝜈a
𝜈c

linewidth dominated by axial motion’s temperature

L. S. Brown, PRL 52, 2013 (1984),    X. Fan and G. Gabrielse, PRL 126 070402 (2021)
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region.

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

range of magnetic fields. We also measure the g-factor at widely di↵erent magnetic fields 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 ⌫̄
cav
c from ⌫̄c

as [52, 53]
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The e↵ect does not change the spin frequency, but the anomaly frequency—the di↵erence

of spin and cyclotron frequencies–shifts from the true anomaly frequency as

⌫̄a ! ⌫̄a ��⌫̄
cav
c . (4.35)
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first trap Ground state cooling

ions 1953 Paul 1989 Wineland

electron 1959 Dehmelt never

B(z) = B0 + B2z2

+e-

electron’s thermal motion in magnetic field gradient
dominates the linewidth
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p-value. The data here demonstrates that the measurement is consistent within a narrow

range of magnetic fields. We also measure the g-factor at widely di↵erent magnetic fields 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 ⌫̄
cav
c from ⌫̄c

as [52, 53]

⌫̄
cav
c = ⌫̄c +�⌫̄

cav
c = ⌫̄c

✓
1 +

�⌫̄
cav
c

⌫̄c

◆
(4.34)

The e↵ect does not change the spin frequency, but the anomaly frequency—the di↵erence

of spin and cyclotron frequencies–shifts from the true anomaly frequency as

⌫̄a ! ⌫̄a ��⌫̄
cav
c . (4.35)
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𝑔
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𝜈c = c/2L×n
  large shift!

L

𝜈c ≠ c/2L×n
 small shift!

Ø Δ𝜈c
ICS	 depends on trap cavity’s resonance 

=cavity QED
 →measure cavity resonances and correct
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from summing all mode contributions. This calculation
assumes the mode frequencies of a perfect cylinder, one Q
for TE modes, and another for TM modes. We calculate
with dimensions chosen to best match observed frequencies
and a single Q value for all modes. After shifts from the 72
observed modes using the ideal frequencies and the one Q
value are subtracted out, contributions for these modes
using measured frequencies and Q values are added back
in. The leading contribution to cavity shift uncertainties
comes from modifications of the field that an electron sees
from imperfections and misalignments of the trap cavity.
Figure 4(a) shows the consistency of μ=μB determinations
at 11 different magnetic fields, after each receives a
different cavity shift.
A weighted average of the 11 determinations gives

−
μ
μB

¼ g
2
¼ 1.001 159 652 180 59ð13Þ ½0.13 ppt%; ð6Þ

with 1σ uncertainty in the last two digits in parentheses.
Figure 1 shows the good agreement of this 2022 determi-
nation at Northwestern with our 2008 determination at
Harvard [37] and an uncertainty that is improved by a factor
of 2.2. Because uncertainty correlations from similar
measurement methods are difficult to determine, we do
not recommend averaging our two determinations. Table I
lists uncertainty contributions to the final result. The
statistical uncertainty is from the fits that extract f̄c and
ν̄a. The two dominant uncertainties have been discussed—
cyclotron broadening and cavity shifts (treated as correlated
for nearby fields). The nuclear paramagnetism uncertainty
is based upon the measured temperature fluctuations of the
silver trap electrodes. The anomaly power shift uncertainty
comes from the measured frequency dependence on drive
strength.

Several SM sectors together predict
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The Dirac prediction [20] is first on the right. QED provides
the asymptotic series in powers of α, along with the muon
and tauon contributions aμτ [40]. The constants C2 [21], C4

[22,23], C6 [24,25], and C8 [26] are calculated exactly, but
require measured lepton mass ratios as input [29]. The
measurements are so precise that a numerically calculated
tenth order C10 [27,28] is required and tested. A second
evaluation of C10 [41] differs slightly for reasons not yet
understood and the open points in Figs. 1 and 5 use this
alternative. Hadronic and weak interaction contributions
are ahadronic [30–32] and aweak [33–36]. The exact C8 and
the numerical C10 are remarkable advances that reduce the
calculation uncertainty well below the uncertainties
reported for the measured μ=μB and α.
The most precise αmeasurements [38,39], needed for the

SM prediction of g=2 in Eq. (7), disagree by 5.5σ, about
10 times our measurement uncertainty (Fig. 1). Until
the discrepancy is resolved, the best that can be said is
that the predicted and measured μ=μB agree to about
δðg=2Þ ¼ 0.7 × 10−12, half of the α discrepancy. A generic
chiral symmetry model [63] then suggests that the
electron radius is less than Re ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jδðg=2Þj

p
ℏ=ðmcÞ ¼

3.2 × 10−19 m, and that the mass of possible elec-
tron constituents must exceed m( ¼ m=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jδðg=2Þj

p
¼

620 GeV=c2. If δðg=2Þ would equal our μ=μB deter-
mination uncertainty, then Re ¼ 1.4 × 10−19 m and
m( ¼ 1.4 TeV=c2.
A 2.2 times reduced δðg=2Þwould bring us to the level of

the intriguing 4.2 standard deviation discrepancy between
the measured and predicted muon magnetic moment
[43,64]. The muon’s BSM sensitivity, expected to be 40
000 times higher (the ratio of muon and electron masses), is
largely offset by our 3150 times smaller uncertainty.
The fine structure constant α is the fundamental measure

of the strength of the electromagnetic interaction in the low
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FIG. 4. (a) Measured g=2 − 1.001 159 652 180 59 before
(white) and after (red) cavity-shift correction. (b) Measurements
take place in valleys of the cyclotron damping rate where
spontaneous emission is inhibited.

TABLE I. Largest uncertainties for g=2.

Source Uncertainty × 1013

Statistical 0.29
Cyclotron broadening 0.94
Cavity correction 0.90
Nuclear paramagnetism 0.12
Anomaly power shift 0.10
Magnetic field drift 0.09

Total 1.3
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uncertainties that enter into R0
μ are fully correlated across

the subsets. Over the course of this analysis, three small
errors in the Run-1 analysis were identified [23]. The total
shift in the previous result due to these errors is þ28 ppb,
which has been applied to the value reported in this Letter.
The weighted-average value of the Run-2=3 data is

R0
μðRun-2=3Þ ¼ 0.00370730088ð75Þð26Þ, where the first

error is statistical and the second is systematic. This
value is in excellent agreement with the adjusted Run-1
value R0

μðRun-1Þ¼ 0.0037073004ð16Þð6Þ. Assuming that
the systematic errors are fully correlated between
R0

μðRun-2=3Þ and R0
μðRun-1Þ, we obtain the combined

value of R0
μðRun-1=2=3Þ ¼ 0.00370730082ð68Þð31Þ.

From Eq. (1), we arrive at a new determination of the
muon anomaly,

aμðFNALÞ¼ 116592055ð24Þ×10−11 ð0.20 ppmÞ;

where the statistical, systematic, and external parameter
uncertainties from Table I are combined in quadrature. The
combined (BNL and FNAL) experimental (exp) average
becomes

aμðexpÞ¼ 116592059ð22Þ×10−11 ð0.19 ppmÞ:

The results are displayed in Fig. 3.
A comprehensive prediction for the SM value of the

muon magnetic anomaly was compiled most recently by
the Muon g − 2 Theory Initiative in 2020 [24], using results
from Refs. [25–44]. The leading-order hadronic contribu-
tion, known as hadronic vacuum polarization (HVP), was
taken from eþe− → hadrons cross-section measurements
performed by multiple experiments. However, a recent
lattice calculation of HVP by the BMW Collaboration [45]
shows significant tension with the eþe− data. In addition, a
new preliminary measurement of the eþe− → πþπ− cross
section from the CMD-3 experiment [46] disagrees sig-
nificantly with all other eþe− data. There are ongoing
efforts to clarify the current theoretical situation [47]. While
a comparison between the Fermilab result from Run-1=2=3

presented here, aμðFNALÞ, and the 2020 prediction yields a
discrepancy of 5.0σ, an updated prediction considering all
available data will likely yield a smaller and less significant
discrepancy.
In summary, we report a measurement of the muon

magnetic anomaly to 0.20 ppm precision using our first
three years of data. This is the most precise determination
of this quantity, and it improves on our previous result by
more than a factor of 2. Analysis of the remaining data from
three additional years of data collection is underway and is
expected to lead to another factor of 2 improvement in
statistical precision.
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Measurement of the Electron Magnetic Moment
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The electron magnetic moment, −μ=μB ¼ g=2 ¼ 1.001 159 652 180 59 ð13Þ [0.13 ppt], is determined
2.2 times more accurately than the value that stood for fourteen years. The most precisely determined
property of an elementary particle tests the most precise prediction of the standard model (SM) to 1 part in
1012. The test would improve an order of magnitude if the uncertainty from discrepant measurements of the
fine structure constant α is eliminated since the SM prediction is a function of α. The new measurement and
SM theory together predict α−1 ¼ 137.035 999 166 ð15Þ [0.11 ppb] with an uncertainty 10 times smaller
than the current disagreement between measured α values.

DOI: 10.1103/PhysRevLett.130.071801

The quest to find physics beyond the standard model of
particle physics (BSM) is well motivated because the SM
is incomplete. No known CP violation mechanism [1] is
large enough to keep the matter and antimatter produced
in the big bang [2] from annihilating as the universe
cooled, dark matter [3,4] has not been identified,
and neither dark energy [5,6] nor inflation [7–10] has a
SM explanation. The most precise SM prediction is
the electron magnetic moment in Bohr magnetons,
−μ=μB ¼ g=2, with μB ¼ eℏ=ð2mÞ for electron charge
−e and mass m, and the reduced Planck constant ℏ. It
affords great BSM sensitivity [11–19] in that BSM
particles and electron substructure could shift the mea-
sured value from what is now predicted (analogous to how
quark substructure shifts the proton moment). The SM
sectors involved in the prediction include the Dirac
prediction [20], quantum electrodynamics (QED) [21–28]
with muon and tauon contributions [29], and also hadronic
[30–32] and weak interaction contributions [33–36]. The
SM prediction is a function of the measured fine structure
constant, α, displayed later in Eq. (7).
A new measurement, carried out blind of any measure-

ment or prediction, determines μ=μB to 1.3 parts in 1013

(Fig. 1). Measured in a new apparatus in a lab at a different
university, the new value is 2.2 times more precise than, and
consistent with, the one that stood for fourteen years [37].
In the most precise confrontation of theory and measure-
ment, the SM prediction agrees to 1 part in 1012. Our
determination and the SM calculation are precise enough
for a test that is 10 times more precise, once the discrepancy
in measured α values [38,39] is resolved.
A one-electron quantum cyclotron is used. This is

essentially a single electron suspended in a magnetic field
B ¼ Bẑ and cooled to its lowest quantum states [42]. The
magnetic moment operator for a spin-1=2 electron,

μ ¼ −
g
2
μB

S
ℏ=2

; ð1Þ

is proportional to its spin S, normalized to its spin
eigenvalue ℏ=2. The energy levels are

E ¼ hνsms þ hνc

!
nþ 1

2

"
; ð2Þ

where h¼2πℏ. The cyclotron frequency is νc ¼ eB=ð2πmÞ
and n ¼ 0; 1;…. The spin frequency is νs ¼ ðg=2Þνc and
ms ¼ %1=2. In terms of these frequencies, and the anomaly
frequency νa ≡ νs − νc,

− μ
μB

¼ g
2
¼ νs

νc
¼ 1þ νa

νc
: ð3Þ

An important feature of an electron measurement (not
available with muons [43], for example) is that its cyclotron
frequency can be measured in situ. The electron thus serves
as its own magnetometer insofar as B cancels out of the
frequency ratios. Choosing to measure νa=νc rather than
νs=νc (called making a g − 2 measurement) significantly
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FIG. 1. This Northwestern determination (red) and our 2008
Harvard determination (blue) [37]. SM predictions (solid and
open black points for slightly differing C10 [40,41]) are functions
of discrepant α measurements [38,39]. A ppt is 10−12.
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from summing all mode contributions. This calculation
assumes the mode frequencies of a perfect cylinder, one Q
for TE modes, and another for TM modes. We calculate
with dimensions chosen to best match observed frequencies
and a single Q value for all modes. After shifts from the 72
observed modes using the ideal frequencies and the one Q
value are subtracted out, contributions for these modes
using measured frequencies and Q values are added back
in. The leading contribution to cavity shift uncertainties
comes from modifications of the field that an electron sees
from imperfections and misalignments of the trap cavity.
Figure 4(a) shows the consistency of μ=μB determinations
at 11 different magnetic fields, after each receives a
different cavity shift.
A weighted average of the 11 determinations gives

−
μ
μB

¼ g
2
¼ 1.001 159 652 180 59ð13Þ ½0.13 ppt%; ð6Þ

with 1σ uncertainty in the last two digits in parentheses.
Figure 1 shows the good agreement of this 2022 determi-
nation at Northwestern with our 2008 determination at
Harvard [37] and an uncertainty that is improved by a factor
of 2.2. Because uncertainty correlations from similar
measurement methods are difficult to determine, we do
not recommend averaging our two determinations. Table I
lists uncertainty contributions to the final result. The
statistical uncertainty is from the fits that extract f̄c and
ν̄a. The two dominant uncertainties have been discussed—
cyclotron broadening and cavity shifts (treated as correlated
for nearby fields). The nuclear paramagnetism uncertainty
is based upon the measured temperature fluctuations of the
silver trap electrodes. The anomaly power shift uncertainty
comes from the measured frequency dependence on drive
strength.

Several SM sectors together predict

g
2
¼ 1þ C2

!
α
π

"
þ C4

!
α
π

"
2

þ C6

!
α
π

"
3

þ C8

!
α
π

"
4

þ C10

!
α
π

"
5

þ ' ' ' þ aμτ þ ahadronic þ aweak: ð7Þ

The Dirac prediction [20] is first on the right. QED provides
the asymptotic series in powers of α, along with the muon
and tauon contributions aμτ [40]. The constants C2 [21], C4

[22,23], C6 [24,25], and C8 [26] are calculated exactly, but
require measured lepton mass ratios as input [29]. The
measurements are so precise that a numerically calculated
tenth order C10 [27,28] is required and tested. A second
evaluation of C10 [41] differs slightly for reasons not yet
understood and the open points in Figs. 1 and 5 use this
alternative. Hadronic and weak interaction contributions
are ahadronic [30–32] and aweak [33–36]. The exact C8 and
the numerical C10 are remarkable advances that reduce the
calculation uncertainty well below the uncertainties
reported for the measured μ=μB and α.
The most precise αmeasurements [38,39], needed for the

SM prediction of g=2 in Eq. (7), disagree by 5.5σ, about
10 times our measurement uncertainty (Fig. 1). Until
the discrepancy is resolved, the best that can be said is
that the predicted and measured μ=μB agree to about
δðg=2Þ ¼ 0.7 × 10−12, half of the α discrepancy. A generic
chiral symmetry model [63] then suggests that the
electron radius is less than Re ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jδðg=2Þj

p
ℏ=ðmcÞ ¼

3.2 × 10−19 m, and that the mass of possible elec-
tron constituents must exceed m( ¼ m=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jδðg=2Þj

p
¼

620 GeV=c2. If δðg=2Þ would equal our μ=μB deter-
mination uncertainty, then Re ¼ 1.4 × 10−19 m and
m( ¼ 1.4 TeV=c2.
A 2.2 times reduced δðg=2Þwould bring us to the level of

the intriguing 4.2 standard deviation discrepancy between
the measured and predicted muon magnetic moment
[43,64]. The muon’s BSM sensitivity, expected to be 40
000 times higher (the ratio of muon and electron masses), is
largely offset by our 3150 times smaller uncertainty.
The fine structure constant α is the fundamental measure

of the strength of the electromagnetic interaction in the low
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FIG. 4. (a) Measured g=2 − 1.001 159 652 180 59 before
(white) and after (red) cavity-shift correction. (b) Measurements
take place in valleys of the cyclotron damping rate where
spontaneous emission is inhibited.

TABLE I. Largest uncertainties for g=2.

Source Uncertainty × 1013

Statistical 0.29
Cyclotron broadening 0.94
Cavity correction 0.90
Nuclear paramagnetism 0.12
Anomaly power shift 0.10
Magnetic field drift 0.09

Total 1.3
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ae=1159 652 180 59 (13)×10-14 (0.11 ppb)

gμ/2=1.001 165 920 55 (24) (0.24 ppb)

𝑎 ≡
𝑔
2 − 1

~0.001
~1.001
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Measurement of the Electron Magnetic Moment
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The electron magnetic moment, −μ=μB ¼ g=2 ¼ 1.001 159 652 180 59 ð13Þ [0.13 ppt], is determined
2.2 times more accurately than the value that stood for fourteen years. The most precisely determined
property of an elementary particle tests the most precise prediction of the standard model (SM) to 1 part in
1012. The test would improve an order of magnitude if the uncertainty from discrepant measurements of the
fine structure constant α is eliminated since the SM prediction is a function of α. The new measurement and
SM theory together predict α−1 ¼ 137.035 999 166 ð15Þ [0.11 ppb] with an uncertainty 10 times smaller
than the current disagreement between measured α values.

DOI: 10.1103/PhysRevLett.130.071801

The quest to find physics beyond the standard model of
particle physics (BSM) is well motivated because the SM
is incomplete. No known CP violation mechanism [1] is
large enough to keep the matter and antimatter produced
in the big bang [2] from annihilating as the universe
cooled, dark matter [3,4] has not been identified,
and neither dark energy [5,6] nor inflation [7–10] has a
SM explanation. The most precise SM prediction is
the electron magnetic moment in Bohr magnetons,
−μ=μB ¼ g=2, with μB ¼ eℏ=ð2mÞ for electron charge
−e and mass m, and the reduced Planck constant ℏ. It
affords great BSM sensitivity [11–19] in that BSM
particles and electron substructure could shift the mea-
sured value from what is now predicted (analogous to how
quark substructure shifts the proton moment). The SM
sectors involved in the prediction include the Dirac
prediction [20], quantum electrodynamics (QED) [21–28]
with muon and tauon contributions [29], and also hadronic
[30–32] and weak interaction contributions [33–36]. The
SM prediction is a function of the measured fine structure
constant, α, displayed later in Eq. (7).
A new measurement, carried out blind of any measure-

ment or prediction, determines μ=μB to 1.3 parts in 1013

(Fig. 1). Measured in a new apparatus in a lab at a different
university, the new value is 2.2 times more precise than, and
consistent with, the one that stood for fourteen years [37].
In the most precise confrontation of theory and measure-
ment, the SM prediction agrees to 1 part in 1012. Our
determination and the SM calculation are precise enough
for a test that is 10 times more precise, once the discrepancy
in measured α values [38,39] is resolved.
A one-electron quantum cyclotron is used. This is

essentially a single electron suspended in a magnetic field
B ¼ Bẑ and cooled to its lowest quantum states [42]. The
magnetic moment operator for a spin-1=2 electron,

μ ¼ −
g
2
μB

S
ℏ=2

; ð1Þ

is proportional to its spin S, normalized to its spin
eigenvalue ℏ=2. The energy levels are

E ¼ hνsms þ hνc

!
nþ 1

2

"
; ð2Þ

where h¼2πℏ. The cyclotron frequency is νc ¼ eB=ð2πmÞ
and n ¼ 0; 1;…. The spin frequency is νs ¼ ðg=2Þνc and
ms ¼ %1=2. In terms of these frequencies, and the anomaly
frequency νa ≡ νs − νc,

− μ
μB

¼ g
2
¼ νs

νc
¼ 1þ νa

νc
: ð3Þ

An important feature of an electron measurement (not
available with muons [43], for example) is that its cyclotron
frequency can be measured in situ. The electron thus serves
as its own magnetometer insofar as B cancels out of the
frequency ratios. Choosing to measure νa=νc rather than
νs=νc (called making a g − 2 measurement) significantly

179.5 180 180.5 181 181.5
1210! - 1.001 159 652 000) 

B
"/"(-

(Cs)#SM with 
(Rb)#SM with 

g/2 2008
g/2 2022

1$ 0.5$ 0 0.5 1
    ppt

FIG. 1. This Northwestern determination (red) and our 2008
Harvard determination (blue) [37]. SM predictions (solid and
open black points for slightly differing C10 [40,41]) are functions
of discrepant α measurements [38,39]. A ppt is 10−12.
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1. fair comparison with EDM?
ℋ = −𝝁 + 𝐵 − 𝒅𝒆 + 𝐸	

	 = 𝜇-
𝑔
2 	�⃗� + 𝐵 +

𝜂
2	�⃗� +

𝐸
𝑐

= 𝜇- (1 + 𝑎)	�⃗� + 𝐵 +
𝜂
2	�⃗� +

𝐸
𝑐



40/74

2. ICS directly shifts g (and not a)

𝑔
2 =

𝜈s

𝜈c + Δ𝜈c
ICS ≅

𝜈s

𝜈c
× 1 −

Δ𝜈./01

𝜈c

~10-13

Δ𝑔
𝑔 =

Δ𝜈#$%&

𝜈c
Δ𝑎
𝑎 =

2
𝑔 − 2

Δ𝜈#$%&

𝜈c

or

i.e.
For some effects that shift
only one of νc and νs
using g seems more 
straightforward
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Fermilab muon g-2

Phys. Rev. Lett. 131, 161802 (2023) Physics reports 887, 1 (2020)

Δgμ = gμ
exp – gμ

theo. = 498(96) × 10−11

Δge = Δgμ ×(me/mμ)2    = 0.12(0.03)  × 10−12

4.2σ
e

B

e

?

μ
B

μ

?

×(me/mμ)2 

a factor of 5 improvement
to see muon’s discrepancy

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

white paper value
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13−10 11−10 9−10 7−10 5−10 3−10 1−10

relative precision

  HFSHH-

  1S-2SHH-

  q/mpp-

  gpp-

  q/m+-e-e

  g+-e-e

• g(e+) measurement at the same precision
- x30 better than ever, most precise lepton CPT test

• me+/me- at 10-11 precision 
- x10,000 better than ever
-  anti-gravity test at  δ(�̅�/𝑔)~0.03 level

Collab. with Stefan Ulmer
(HHU/CERN/RIKEN)

this proposal

current CPT test precision
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üSIMPLIFY the experiment!
üThink how to realize the IDEAL environment

• Perfect B field
• Perfectly controlled particle’s motion
• high statistics

B

partially realized

not realized yet



44/74

e-

E

e-

Electron Electric Dipole Moment
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Electron MDM

Electron EDM

Muon MDM

Muon EDM

g/2(theory)= 1.001 159 652 180 25(10)

g/2(exp.)= 1.001 159 652 180 59(13)

g/2(theory)= 1.001 165 918 10(43)

g/2(exp.)= 1.001 165 920 59(22)
white paper value

η/2(theory) < 10-24

η/2(exp.) < 10-18

η/2(theory) < 10-9

η/2(exp) < 2×10-7

zero-consistent
search
(so far)
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Measuring non-zero (g-factor) Measuring zero (EDM)

How many balls here? Is there any ball?
answer: 42
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• violates CP-symmetry, very small in SM
• very sensitive to BSM physics

unit: charge×length
 (e×cm)X

ΦCP

e-

e-

𝛿
𝜂
2 ∼

𝛼
𝜋

𝑚5
𝑚6

7
sin𝜙89

for ΦCP~1, sensitive to ~30TeV

E

e-

e-

W

W

quarks

W

ν

SM BSM
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or
∆𝑬 = 𝟐𝒅𝒆 ; 𝑬 =

𝝁𝑩
𝒄
𝜼𝑬E

Apply an electric field

e-

e-

de

ℏ𝝎𝒔
precession energy

Experimentally 𝛿𝝎𝒔 =
1
𝜏
1
𝑁

E

spin precession ω#

precession time # of measured spins 

→ 𝛿𝜼 = ℏ𝒄
𝝁𝑩

𝟏
*	, -
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𝛿𝜂 ∝
1

𝐸	𝜏 𝑁

large electric field
- does not need to be
accurate/precise

long coherence time

high statistics
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1960 1970 1980 1990 2000 2010 2020 2030
year
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)
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 (T
eV

)
X

M

X
ΦCP

e-

e-

Science 343, 269 (2014) Phys. Rev. Lett. 119 153001
Nature 562, 355 (2018) Science, 381,46 (2023)

atoms

ACME
neutral
molecule

JILA
molecullar
ion

molecules

electron g
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+V -V-V

Tl (EDM sensitive atom)
Na (co-magnetometer)

laser
state
preparation

laser
state
readout

E

B-field change when flipping E-field
→ mimics EDM signal

ü leakage current
ü charging current
ü imperfection of reversal
ü Berry’s phase
ü motional E-field
etc…
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• Applied electric field:  100 kV/cm
• effective electric field in Tl: 60 MV/cm

Tl
nuclear

electron cloud

applied E

effective electric field inside Tl

polarized Tl works as an electric field amplifier!
Gain ~600
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Th2+

O2-

e-

• Applied E-field:  100 V/cm
• effective E-field in ThO: 80 GV/cm

gain ~109

remember:

𝛿𝜂 ∝
1

𝐸	𝜏 𝑁
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• many many details…

electro-positive

electro-
negative
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ACME Collaboration
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Th2+

O2-

E~80GV/cm

e-

ØE=80 GV/cm
Ø very easy to make = high N
Ø 3Δ1 state : long τ and B-insensitivity

http://doylegroup.harvard.edu/edm

𝛿𝑑5 =
ℏ

2𝐸	𝜏 𝑁
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E e
xt

~100V/cm
aligns molecule

can select direction by 
laser frequency detuning

Eeff
Th2+

O2-

e-
Th2+

O2-

e-

Eeff
E. R. Meyer, J. L. Bohn, and M. P. Deskevich, PRA 73, 062108 (2006)
D. DeMille, et.al., AIP Conference Proceedings, 596, 72 (2001)
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magnetic shield

Eext bias plate

spin preparation
laser

spin readout
laser

flow

Th2+

O2-

e-

E e
xt



59/74

magnetic shield

spin preparation
laser

spin readout
laser

flow
Th2+

O2- e-

E e
xt

Eext bias plate
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ThO

ThO
source

magnetic shield

laser access
holes
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Ø 3-layer magnetic shield
Ø 3000 lbs = 1500kg
Ø 3,600 wire connections

ü <30μG without active cancellation
ü <5μG with active cancellation

1.5m
2m

E

spin precession ω#

B 𝝎𝒔 =
𝟐	(𝒅𝒆 J 𝑬 + 𝝁 J 𝑩)

ℏ

Bearth=500mG ↔η=10-13
 

   (target: η <10-19)

*ThO 3Δ1 state and switching help a lot
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ThO

prep
readout

Aluminum chamber

fluorescence collection lens
>30% solid angle!

E-field plates
ü ITO-coated fused silica
ü low non-reversing E
ü low mounting stress
ü non-magnetic

ThO

Ebias
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ThO

Cryogenic
Buffer Gas Source molecular

lens aluminum chamber

prep readout

YA
G

molecule pulse spacial length ~1m

X Wu, et al, New J. Phys. 24 073043(2022)
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1. Imperfection of laser polarization
 × imperfection of E-field reversal
  × imperfection of laser beam shape

2. imperfection of laser frequency detuning
 × imperfection of magnetic field gradient
  × imperfection of electric field gradient

ALWAYS unexpected higher order coupling!
make everything perfect!



65/74

semileptonic CP-odd operators among which the most
important one is CS,

LeN ¼ CS
GFffiffiffi
2

p ðēiγ5eÞðp̄pþ n̄nÞ: ð18Þ

For nonrelativistic electrons and a small RN limit, this
term gives rise to ∝ ðσe · ∇eÞδðreÞ effective interaction. The
importance of CS for probing CP violation in the Higgs
sector, quark sector etc has been emphasized many times in
the literature, see, e.g., [34–37]. Tremendous progress of
the past decade with limits on de and CS has been achieved
by the ACME Collaboration in experiment with the ThO
paramagnetic molecule [4]. Since the results are often
reported in terms of de, it is convenient to introduce a linear
combination of the two quantities limited in experiment and
refer to them as “equivalent de” [38,39]:

dequive ¼ de þ CS × 1.5 × 10−20 e cm: ð19Þ

Current experimental limit stands as jdequive j <
1.1 × 10−29 e cm [4].
Muon EDM contributes both to de andCS through loops.

The bona fide three-loop deðdμÞ computation, Fig. 2, was
performed in [13],

de ¼ dμ

"
α
π

#
3 me

mμ
× 1.92 ≃ 1.1 × 10−10dμ: ð20Þ

If the direct bound (1) is saturated, de will be larger than the
experimental limit by about a factor of 2, as already noted
in Ref. [21]. It turns out, however, that equivalent of CS
generated by E3B interaction gives a larger contribution.
A representative diagram contributing to the T, P-odd

electron-nucleus interaction via E3B term is shown in
Fig. 2. The two electric field lines can be sourced by a
nucleon, or a nucleus, while the photon loop attached to the
electron line generates ameēiγ5e interaction. There are two
important considerations regarding this type of contribu-
tion: (i) The photon loop is enhanced by logðΛ=meÞ, and
we calculate this loop to logarithmic accuracy, cutting it at
Λ ¼ mμ. (In practice, this cutoff will be supplied by the
nonlocal nature of the muon loop in Fig. 1.) (ii) In a large
nucleus E2 is coherently enhanced and dominates over

effects proportional to electromagnetic contribution of
individual nucleons ∝ ZhpjE2jpi. Being concentrated
inside and near the nucleus, E2 can be considered equiv-
alent to the delta-functional contribution:

e2ðE2Þnucl → δðrÞ × 4πðZαÞ2

RN
×
Z

∞

0

f2ðRNxÞ
x2

dx; ð21Þ

where x ¼ r=RN . For a constant density charge distribu-
tion, the integral in (21) is 6=5, and we adopt this number.
Putting the results of the loop calculation together with
(21), and using the explicit form for CE3B we arrive at the
following prediction for the equivalent CS value:

GFffiffiffi
2

p Cequiv
S ¼ κ

4Z2α4

πA
×
meðdμ=eÞ
m3

μRN
× log

"
mμ

me

#
: ð22Þ

As one can see, Cequiv
S scales as Z2A−1R−1

N ∝ Z2=3, which is
the sign of coherent enhancement. A is the number of
nucleons, and A ¼ 232 for Th. In this expression, κ is a
fudge factor to account for the change of the electronic
matrix elements stemming from the fact that nuclear E2

extends beyond the nuclear boundary, while true nucleonic
CS effect is proportional to nuclear density and vanishes
outside. Solving the Dirac equation near the nucleus for the
outside s1=2 and p1=2 electron wave functions and finding a
ratio of the matrix elements for these two distributions
result in κ ≃ 0.66. We then arrive to the numerical result

Cequiv
S ¼ 3.1 × 10−10

"
dμ

10−20 e cm

#
: ð23Þ

Combining (23) with (20) into (19), we arrive at our
main result

dequive ≃ 5.8 × 10−10dμ ⇒ jdμj < 1.9 × 10−20 e cm: ð24Þ

We observe that de and Cequiv
S interfere constructively, and

CS contribution is larger by a factor of ≃4. We believe (23)
to be accurate within ∼15%–20% with uncertainties asso-
ciated with modeling of EðrÞ and logarithmic approxima-
tion for the photon loop integral.
Outlook.—We have evaluated the electromagnetic trans-

mission mechanisms of muon EDM to the observable
EDMs that do not involve on-shell muons. We have found
that muon-loop-induced E3B effective interaction plays an
important role and leads to novel indirect bounds, Eqs. (15)
and (24) that are already stronger than the direct bound (1).
Result (24) provides a new benchmark that future dedicated
muon EDM experiments would have to overtake. We also
notice that since both 199Hg and ThO EDM results give
an improvement, it is highly unlikely that a fine-tuned
choice of de and hadronic CP violation would lead to the
relaxation of indirect bounds on dμ.

FIG. 2. Three-loop contribution to de and two-loop contribu-
tion to equivalent CS generated by dμ.

PHYSICAL REVIEW LETTERS 128, 131803 (2022)

131803-4

μ

E

The most stringent limit on μ EDM
is currently from the electron EDM

Phys. Rev. D 98, 113002
Phys. Rev. Lett. 128, 131803

𝑑𝜇(BNL) <1.8×10−19 𝑒 cm
𝑑𝜇(ThO) <2×10−20 𝑒 cm
𝑑𝜇(HfF+) <1×10−20 𝑒 cm

𝑑𝜇(FNAL) <~1×10−21 𝑒 cm
𝑑𝜇(J-PARC) <1.5×10−21 𝑒 cm
𝑑𝜇(PSI)  <6×10−23 𝑒 cm

PTEP 2019 (5), 053C02

arXiv:2201.08729 
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Silicon PhotoMultiplier

E bias plates

ThO sourcebeamline without the shield

0 2 4 6 8 10 12
time (ms)

0

0.5

1

1.5

2

ph
ot

o-
el

ec
tro

n 
(c

ou
nt

 p
er

 n
s)

signal in the new beamline!
x30 higher than the previous generation!

ACME 3 plan to publish a new eEDM result
within 2 years
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- laser cooled and trapped molecules
 SrOH, YbOH, RaOH

- cryo-assembled molecules
  FrAg

- trapped molecular ions
 232ThF+ and 227ThF+

- molecules in a cryomatrix
Eric Hessels

Nick HutzlerJohn Doyle Ronald Garcia Ruiz

David DeMille

Stephan Malbrunot Eric CornellKia Boon NgXing Fan

Amar Vutha
Europium

nuclear EDM
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• Make the signal large!!! (large E)

• prepare good switches to isolate what 
you want to see!

• make everything perfect! systematic 
errors are always from higher order 
couplings!
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Nuclear Electric Dipole Moment

quark

quark

E

proposed work

CP-violation in Hadronic Sector
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1. Pear-Nuclear

x103 x105

Øcan improve the current limit (=θQCD limit)
with 1 molecule and 1 day of measurement

227Th2+
F-

2. Molecule’s internal E-field
227ThF+

3. EDM-state is the ground state!
4. insensitive to B-field fluctuation
5. Spectroscopy is done already!

Stephan Malbrunot
(TRIUMF)

Eric Cornell
(CU Boulder, JILA)

Kia Boon Ng
(TRIUMF)

Pear-shape Nuclear: >103 enhancement to Hadronic CP effect
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3Δ1 (J=1), ground state

E e
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227Th2+

F-

227Th2+
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F1=J + IThF= F1+ IF 
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227Th

ablation

1. 227Th+ loading trap 2. 227ThF+

creation
3. multipole trap
rotational cooling

4. EDM 
measurement
trap

4K helium buffer gas
~10-6 Torr

CF4 gas ~10-10 Torr
Th+ + CF4 →ThF+

rotating E-field
non-destructive
detection

acknowledgement: RIKEN-Harvard partnership
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Known CP violation CKM

year

Figure thanks to Garcia Ruiz, DeMille, Hutzler, Jayich, …

within 5 years
τ=10 s, N=1, 7 days

227ThF+ pear-shape & molecule

Pa?

τ=10 s, N=100, 7 days
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B

e-

e-

E

e-

e-

E

quark

quark

Most stringent
test of SM

Sensitive probe of
lepton CP physics

Sensitive probe of
quark CP physics

electron MDM electron EDM

nuclear EDM

Ion Trap
Molecule
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xing.x.fan@gmail.com

I got a job!

starting at Harvard  2025 July
Looking for Students/Postdocs! 
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Nuclear Electric Dipole Moment

quark

quark

E

proposed work

CP-violation in Hadronic Sector
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1. Pear-Nuclear

x103 x105

Øcan improve the current limit (=θQCD limit)
with 1 molecule and 1 day of measurement

227Th2+
F-

2. Molecule’s internal E-field
227ThF+

3. EDM-state is the ground state!
4. insensitive to B-field fluctuation
5. Spectroscopy is done already!

Stephan Malbrunot
(TRIUMF)

Eric Cornell
(CU Boulder, JILA)

Kia Boon Ng
(TRIUMF)

Pear-shape Nuclear: >103 enhancement to Hadronic CP effect
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neutral
large N

Ion
long 𝜏

Optical Lattice Clock

ACME

CU Boulder
JILA/NIST

electron
EDM

clock

nuclear
EDM ?

Ion Clock

227Th2+

F-

𝛿𝜔 =
1
𝜏
1
𝑁

232ThO
180HfF+

232ThF+

proposed:
225RaOH
225RaOCH3
etc
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3Δ1 (J=1), ground state

E e
xt

227Th2+

F-

227Th2+

F-
F1=J + IThF= F1+ IF 

3/21
2

1
1/20

~10MHz
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227Th

ablation

1. 227Th+ loading trap 2. 227ThF+

creation
3. multipole trap
rotational cooling

4. EDM 
measurement
trap

4K helium buffer gas
~10-6 Torr

CF4 gas ~10-10 Torr
Th+ + CF4 →ThF+

rotating E-field
non-destructive
detection

new and exciting developments!
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Known CP viola]on CKM

year

Figure thanks to Garcia Ruiz, DeMille, Hutzler, Jayich, …

within 5 years
τ=10 s, N=1, 7 days

227ThF+ pear-shape & molecule

Pa?

τ=10 s, N=100, 7 days
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B e-

image charge

Δ𝜈!"#$ ∝
𝑞%

𝑚

if q→Nq and m→Nm,
Δ𝜈;<=>	→ N×Δ𝜈;<=>

Penning trap 1D electron chain

𝑔
2 =

𝜈s

𝜈c + Δ𝜈c
ics

N of electrons

measured g-factor

1 2 3

true
g-factor

Ca+ ion

the side, and the magnetic field causes it to rotate with a period
short compared with the exposure time of the electron multi-
plying charge-coupled device camera, the image of each ion
spreads into a line. With still tighter axial confinement, the ions
form 3D structures and, finally, for the highest values of oz the
crystal comprises a single layer in the radial plane.

The ICCs shown in Figs 2 and 3 are remarkably stable. With
the cooling lasers on, they remain unchanged indefinitely. If the
laser beams are blocked for a short period (for example, 1 s), the
ICCs reappear unchanged essentially immediately once the laser
radiation has been restored. For large ICCs, the aspect ratio of the
crystal has been shown to provide information about the rotation
frequency26,28,33. This is because the radial confinement depends
on the rotation frequency; thus, its value can be inferred from the
shape of the cloud. The simulations we perform support this
general conclusion but give more accurate estimates of the
rotation frequency than one would obtain from using fluid theory
for small ICCs. There is a limited number of distinct
conformations for small ICCs. For a given conformation, the
accuracy to which the rotational frequency can be determined is
limited by the imaging resolution.

Rotation frequency and ion number density. Considerable
insight can be gained by considering the dynamics in a frame that
is rotating at half of the cyclotron frequency (that is, at O/2)34. In
this rotating frame, the Lorentz force due to the magnetic field is
exactly cancelled by the fictitious force due to the rotation. This
also modifies the radial potential such that the effective radial

aa ba

0

0.2

0.4

0.6

0.8

1

B

Figure 2 | Linear ion chains. (a) Image and intensity profile of a chain of
29 ions. The ions at the end of the chain are less bright than the central
ions because of imperfections of the imaging system and because they
are not as well overlapped with the radial laser beam, which has a
diameter of B100mm. (b) Collage of linear crystals of one to nine ions.
The applied voltage was kept constant for all of these experimental
images, corresponding to a normalized axial trapping frequency

oz=
ffiffiffi
2

p" #
=ðO=2Þ¼0.158. Each image is an accumulation of twenty 1-s

exposures and the maximum intensity is normalized to unity for each
image. Each pixel is equivalent to 2.65±0.15 mm in the centre of the trap.
The circles around the ions are the calculated positions, from ref. 32, and
not from a fit to the data. The bars at the bottom of the images represent a
length of 50mm.

0.106

0.224 0.359

0.366

0.452

0.625 0.646

0.728

0.809

0.110 0.112 0.118 0.129 0.149 0.167 0.183 0.198 0.211

0.236 0.248 0.259 0.269 0.279 0.289 0.299 0.312 0.334

0.392 0.409 0.425 0.438

0.471 0.487 0.528 0.578

0.668 0.688 0.708

0.746 0.783 0.800 0.806

0.818 0.826 0.835 0.851

Figure 3 | Fifteen-ion crystals for different axial potentials. Experimentally obtained images of 15-ion crystals (left of each panel) compared with
computer simulations (right of each panel). By increasing the axial confinement, a linear string is transformed into a zigzag structure, then a 3D crystal

and finally a planar structure. Each image is labelled with the value of the normalized axial trapping frequency, oz=
ffiffiffi
2

p" #
=ðO=2Þ (the trap becomes

unstable when this quantity is equal to unity). There is a 100-mm scale bar in the bottom right-hand pane, which applies to all the images.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3571

4 NATURE COMMUNICATIONS | 4:2571 | DOI: 10.1038/ncomms3571 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

Will improve electron’s g-factor 
x5 within 5 years
check muon g-2 in electron g-2

Nat Commun 4, 2571 (2013)

New Idea
R. S. Van Dyck et. al.,
Phys. Rev. A 40, 6308 (1989)
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Figures 3 and 4 show the measured number dependen-
cy for five examples of trapped ions (' C +, H+, He+,He, and 'H+). The number n is obtained from the
well-resolved axial resonance linewidth Av, =n5v„after
a single ion linewidth has been resolved for at least one
ion. Other single ion linewidths then scale as q&/pl &

(and tuned circuit Q, etc. ) where q, and m, are the refer-
ence ion's unit charge and mass, respectively. A well-

FIG. 3. Number dependency of various ions. The number of
trapped ions is determined from the width of the axial reso-
nance. In (a)—(c), the magnetron frequency shift is plotted vs the
number of ' C +, H+, and He+ ions, respectively. In (d), the
cyclotron frequency shift is plotted vs the number of 'He
Also shown in each plot is a linear least-squares fit to the data.

FIG. 4. Number dependency for protons. The shifts in the
observed cyclotron frequency v„ the observed magnetron fre-
quency v, and the sum v, +v are plotted vs the number of
ions. The sum is consistent with zero number dependency and
is approximately equal to the trap-independent cyclotron fre-
quency, v, .

resolved axial resonance will show some noise reduction
due to the shorting out of the tuned circuit by the ion's
effective series-equivalent lc representation. ' Figures
3(a)—3(c) show the magnetron frequency shift plotted
versus the number of ions and Fig. 3(d) is a similar plot
for the cyclotron frequency shift. Figure 4 (for protons),
however, shows the dependency for both the observed
magnetron and cyclotron frequencies as well as their sum
which is consistent with no number dependency. One
can conclude from this that the number dependency man-
ifests itself as a phase slippage (or frequency shift) only in
the observed magnetron frequency and thus suggests an
electrostatic origin. This follows from co, =co,'+ co
which is obtained from the equation of motion for a
charged particle in an ideal Penning trap and the fact
that co, would not be constant for magnetic shifts. Table
I summarizes the present data for the different ions with
various masses and charge states. These results suggest
that, for both the magnetron and cyclotron resonances,
absolute shifts scale only with charge and the relative cy-
clotron shifts scale only with the ion's mass (assuming the
trap constant and 80 are held fixed). Thus, the average

TABLE I. Summary of number dependency for various ions. Values in parentheses denote the fitted
uncertainty.

Ion
1H+
~H+
'He+
3H 2+
12C4+

Mass
(amu)

1

2
3
3
12

Charge
(units of e)

Relative
mass/charge

1

2
3
1.5
3

Abs. shift
in (Hz/charge}

0.0179(18)
0.0185(14)
0.0180(19)
0.014(3)
0.021(2)

Rel. shift
(ppb/ion)

0.23
0.48
0.72
0.55
3.33
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e-

axion

e-

axion

We review the basic setup and the signal in Sec. II. We
then study different types of storage ring experiments and
estimate their sensitivity to long-range axion forces in
Secs. III, IV, V. We conclude in Sec. VI.

II. AXION FORCES AND SPIN PRECESSION
EXPERIMENTS

We consider models of the type

L ⊃ gsϕN̄N þ cψ
∂μϕ

fϕ
ψ̄γμγ5ψ ; ð1Þ

where gs is the CP violating scalar2 coupling to nucleons,
N, while gψp ¼ cψmψ

fϕ
determines the CP conserving dipole

coupling to the fermion ψ . We work with the convention
that cψ ¼ 1 absorbing the dependence in fϕ. We remain
agnostic to particular UV completions giving rise to these
couplings3 and instead focus on their phenomenology at
spin precession experiments using storage rings.
In the nonrelativistic limit4 this leads to the well-known

interaction Hamiltonian [10,11] (see also [29] for a recent
study):

Hϕ ¼ −
1

fa
∇ϕ · S; ð2Þ

which leads to the monopole-dipole potential between a
particle sourcing the coherent axion field and a spin:

VðrÞ ¼ gsg
ψ
p

8πmψ

!
1

λϕr
þ 1

r2

"
e−mϕrS · r̂; ð3Þ

where mϕ is the mass of the axion, and λϕ ∼m−1
ϕ is its

associated wavelength.
The Yukawa-like potential above has an interesting

distance dependence. Let us assume that a spin is located
at a distance d with respect to a given test mass. The test
mass, of size D, has NN ∼ nND3 nucleons, where nN is the
number density of nucleons. Obviously for D; d ≫ λϕ, the
nucleons do not produce a sizeable coherent axion field
affecting the spin—the exponential suppression makes the

force very weak at distances r > λϕ. As λϕ (mϕ) increases
(decreases), so does the reach of the classical axion field.
For D ≫ λϕ > d the number of nucleons that contribute
non-negligibly to the potential on the spin grows as
NN ∼ nNλ3ϕ. Therefore, in this regime, the total monop-
ole-dipole potential, VTðrÞ ¼ NNVðrÞ, on a spin grows
linearly with λϕ. Finally, for λϕ ≫ D, d, that is for axion
wavelengths much larger than any other scale in the
problem, all the nucleons of the test mass effectively
produce a potential on the spin and the signal is constant
with the axion mass. This dependence will be important
when estimating the effect of the axion gradient generated
by the earth on a detector made of polarized spins.
The temporal evolution of the spin (at rest) is described

by the equation

dS
dt

¼ μ × Bþ d ×Eþ S ×
∇ϕ
fϕ

: ð4Þ

The spin precession of a charged particle has 3
contributions—the two well-known magnetic dipole and
electric dipole moment contributions, and the axion gra-
dient. Any experiment looking for precise measurements of
the first two can in principle be used to search for axion
mediated forces.
Crucially for precision precession experiments, the axion

gradient is usually an environmental effect which cannot be
screened by any kind of magnetic/electric shielding. It is
also noteworthy that the axion gradient couples only to
spin, and not to orbital angular momentum. Therefore, any
precision experiment may see an effect if the direction of
the axion gradient (e.g. from the earth) is such that the
phase accumulates during the spin coherence time.

A. Geometry of storage ring experiments
and axion forces

In this section we study how storage rings which are
initially designed to measure precisely the spin precession
of a charged particle due to an EDM or anomalous
magnetic moment [see Eq. (5)], are also sensitive to axion
gradients sourced by matter. As we have seen in the
equations above, (2), (4), an axion gradient behaves as
an effective magnetic field.
In storage ring experiments, a large number of charged,

polarized particles perform circular motion under applied
electromagnetic fields. It is important to carefully study the
direction of the axion gradient relative to the spin and make
sure that the effect is not averaged out [14].
A magnetic storage ring (e.g., muon g − 2) has a vertical

applied magnetic field, which causes spin precession in the
horizontal plane. The effect of a horizontal axion gradient
will average to zero over a spin precession cycle, therefore
this geometry will be sensitive to a vertical axion gradient,
e.g., that sourced by the earth.

2The UV nature of the scalar coupling determines if it is
equivalence principle (EP) violating, or not. For example when gs
is not exactly proportional to the nucleon mass but to light
quark masses times a CP violating phase, or is generated through
the mixing with the Higgs, its EP violating behavior is below
Oð1%Þ [25].

3We acknowledge that for a QCD axion the scalar coupling,
which is CP violating, is roughly given by gs ∼ θeff

mN
fa
. In BSM

extensions with additional sources of CP violation, the induced
scalar coupling may be larger (see Ref. [26] for a comprehensive
study).

4See Refs. [27,28] for a derivation using the Foldy-Wouthuy-
sen transformation.

AGRAWAL, KAPLAN, KIM, RAJENDRAN, and REIG PHYS. REV. D 108, 015017 (2023)
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causes spin rotation
near heavy block
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Prateek Agrawal, et. al., Phys. Rev. D 108, 015017
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B

XF and Mario Reig, arxiv:2310.18797

e-

axion

e+

e-

spin

e+

+
ωsωaxion ωtot(e+) = ωs – ωaxion

ωtot(e-) = ωs + ωaxion

e+ e- switch
isolates axion effect from B-field 3

FIG. 1. Axion-mediated monopole-dipole forces on electrons at different spin precession experiments, including [5, 6, 33–36].
The QCD axion band is shown in light green, taking ✓eff to lie in the range 10�20 < ✓eff < 10�10. Cyan corresponds to the
current sensitivity at the Penning trap experiment [17]. The dashed cyan will correspond to the sensitivity when the SM
discrepancy is solved. Dark blue (dashed) corresponds to future upgrades including the use of positrons. See [37] for details on
the different experimental schemes.

an amazing collaboration on related projects. This article
is based upon work from COST Action COSMIC WIS-
Pers CA21106, supported by COST (European Cooper-
ation in Science and Technology), U.S. DOE, Office of

Science, National QIS Research Centers, Superconduct-
ing Quantum Materials and Systems Center (SQMS),
NSF Grants No. PHY-2110565, and the John Temple-
ton Foundation Grants No. 61906 and No. 61039.
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axial frequency νz
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• Much faster/easy way to measure 
magnetic field/homogeneity

😩 Water-NMR probe does not work in the 
LHe-bore magnet
😄 invented a cryogenic 3He NMR probe!
🎁 large signal with no optical pumping!

B

3He

→ allows measurements of g/2 at many fields
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Ideas
üUsing an open endcap trap
üexternal focusing antenna
ütrap ne=10 (or more) electrons

and look for one cyc. excitation

nc=0

nc=0nc=0 nc=1

nc=0 nc=0 nc=0

nc=0
nc=0

nc=0

open endcap trap

external conversion plate
enhancement factor K ~105

50cm

6−10 5−10 4−10 3−10 2−10 1−10 1
 (eV)A'm
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13−10

12−10

11−10

10−10

9−10

8−10

χ

1 10 210 310 410 510
frequency (GHz)

K=105, N=10
T=1 year

DM cosmology

solar

Haloscopes
demonstrated
expected

Also designing an experiment for an axion
can reach QCD axion at ~meV, but only Δω/ω~10-6
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𝜈$ 𝜈%

𝑔
2 =

𝜈6
𝜈.

= 1 +
𝜈7
𝜈.

😣 measuring this
     at 10-13

 precision
🤗 measuring this
     at 10-10

 precision

~0.001
~1.001
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X
ΦCP

e-

e-

Science 343, 269 (2014) Phys. Rev. Lett. 119 153001
Nature 562, 355 (2018) Science, 381,46 (2023)

1960 1970 1980 1990 2000 2010 2020 2030
year

20−10

19−10

18−10

17−10

16−10

15−10

14−10

13−10

12−10

11−10

10−10

η

31−10

30−10

29−10

28−10

27−10

26−10

25−10

24−10

23−10

22−10

21−10

cm
)

×
eE

D
M

 li
m

it 
(e

2−10

1−10

1

10

210

 (T
eV

)
X

M

atoms

ACME

JILA

molecules



94/74

199Hg 
current best limit

229ThF+
proposed

effective E field
E

10 kV/cm ~ GV/cm

EDM size by θQCD (e×cm)
A

5×10-20   × θQCD 2×10-16   × θQCD

spin precession time
τ

150 s 10s - 1000s?

N of count per second
�̇�

1012
 1 - 100?     

𝛿θA8B ∝
1

𝐸	𝐴	𝜏 �̇�	

x105

x103

𝒪(1)

molecule
enhancement

pear-shape
enhancement

ion trapresearch
topic

Øcan improve θQCD limit
with 1 molecule, τ=10 seconds, and 1 week of measurement
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ℋ = −�⃗� + 𝐵 − 𝑑; + 𝐸

want to make this small

𝜇 =
−𝑒ℏ
2𝑚 	(𝑳 + 𝑔	𝑺)

2.002…

choose a state with 𝑳 = −𝟐 and 𝑺 = +𝟏
→ >100 suppression of 𝝁 J 𝑩 

Developed and successfully used 
in eEDM.
called 3Δ1 state

Th2+

F-
𝑳Only two known 

ground-state 3Δ1 molecules
ThF+ and WC 

E. R. Meyer, J. L. Bohn, and M. P. Deskevich, PRA 73, 062108 (2006)
Leanhardt, Aaron E., et al. J. of Mol. Spec., 270 1 (2011)
D. DeMille, et.al., AIP Conference Proceedings, 596, 72 (2001)
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229Th

F

229Th

F

229Th

F

229Th

F

E e
xt

there are 72 states in 3Δ1 : Use F1= J + ITh=3/2, F = F1+ IF = 1

+1mF -1 0
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Ø Reduce thermal linewidth by x10
Ø ongoing in the Gabrielse group

Microstrip SQUID stat.     0.029×10-12

sys. (temperature)  0.094×10-12

sys. (microwave cavity) 0.090×10-12
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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 ⌫̄

⇤
c and ⌫̄

⇤
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 fields. We also measure the g-factor at widely di↵erent magnetic fields 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 ⌫̄
cav
c from ⌫̄c

as [52, 53]

⌫̄
cav
c = ⌫̄c +�⌫̄

cav
c = ⌫̄c

✓
1 +

�⌫̄
cav
c

⌫̄c

◆
(4.34)

The e↵ect does not change the spin frequency, but the anomaly frequency—the di↵erence

of spin and cyclotron frequencies–shifts from the true anomaly frequency as

⌫̄a ! ⌫̄a ��⌫̄
cav
c . (4.35)
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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 ⌫̄

⇤
c and ⌫̄

⇤
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 fields. We also measure the g-factor at widely di↵erent magnetic fields 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 ⌫̄
cav
c from ⌫̄c

as [52, 53]

⌫̄
cav
c = ⌫̄c +�⌫̄

cav
c = ⌫̄c

✓
1 +

�⌫̄
cav
c

⌫̄c

◆
(4.34)

The e↵ect does not change the spin frequency, but the anomaly frequency—the di↵erence

of spin and cyclotron frequencies–shifts from the true anomaly frequency as

⌫̄a ! ⌫̄a ��⌫̄
cav
c . (4.35)
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will reduce this width by x10

cyclotron anomaly
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