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Precise comparisons of the fundamental properties of matter–
antimatter conjugates provide sensitive tests of charge–parity–time 
(CPT) invariance1, which is an important symmetry that rests on 
basic assumptions of the standard model of particle physics. 
Experiments on mesons2, leptons3,4 and baryons5,6 have compared 
different properties of matter–antimatter conjugates with fractional 
uncertainties at the parts-per-billion level or better. One specific 
quantity, however, has so far only been known to a fractional 
uncertainty at the parts-per-million level7,8: the magnetic moment 
of the antiproton, μ p. The extraordinary difficulty in measuring μ p 
with high precision is caused by its intrinsic smallness; for example, 
it is 660 times smaller than the magnetic moment of the positron3. 
Here we report a high-precision measurement of μ p in units of the 
nuclear magneton μN with a fractional precision of 1.5 parts per 
billion (68% confidence level). We use a two-particle spectroscopy 
method in an advanced cryogenic multi-Penning trap system. Our 
result μ p = −2.7928473441(42)μN (where the number in parentheses 
represents the 68% confidence interval on the last digits of the value) 
improves the precision of the previous best μ p measurement8 by a 
factor of approximately 350. The measured value is consistent with 
the proton magnetic moment9, μp = 2.792847350(9)μN, and is in 
agreement with CPT invariance. Consequently, this measurement 
constrains the magnitude of certain CPT-violating effects10  to below 
1.8 × 10−24 gigaelectronvolts, and a possible splitting of the proton–
antiproton magnetic moments by CPT-odd dimension-five 
interactions to below 6 × 10−12 Bohr magnetons11.

Within the physics programme at the Antiproton Decelerator of 
CERN, the properties of protons and antiprotons5,6, antiprotons and 
electrons12, and hydrogen13 and antihydrogen14,15 are compared with 
high precision. Such experiments, including those described here, 
provide stringent tests of CPT invariance. Our presented antiproton 
magnetic moment measurement reaches a fractional precision of 
1.5 parts per billion (p.p.b.) at 68% confidence level, enabled by our 
new measurement scheme. Compared to the double-Penning trap 
technique16 used in the measurement of the proton magnetic moment9, 
this new method eliminates the need for cyclotron cooling in each 
measurement cycle and increases the sampling rate.

Our technique uses a hot cyclotron antiproton for measurements of 
the cyclotron frequency νc, and a cold Larmor antiproton to determine 
the Larmor frequency νL. By evaluating the ratio of the frequencies 
measured in the same magnetic field, the magnetic moment of the 
antiproton (in units of the nuclear magneton, the g-factor) 

ν ν μ μ/ = / =− /g 2p pL c N  is obtained. With this new technique we have 
improved the precision of the previous best antiproton magnetic 
moment measurement8 by a factor of approximately 350 (Fig. 1a).

Our experiment17 is located in the Antiproton Decelerator facility, 
which provides bunches of 30 million antiprotons at a kinetic energy 

of 5.3 MeV. These particles can be captured and cooled in Penning traps 
by using degrader foils, a well timed high-voltage pulse and electron 
cooling17. The core of our experiment is formed by two central devices; 
a superconducting magnet operating at a magnetic field of B0 =​ 1.945 T, 
and an assembly of cylindrical Penning-trap electrodes18 (partly shown 
in Fig. 1b) that is mounted inside the horizontal bore of the magnet.  
A part of the electrode assembly forms a spin-state analysis trap with 
an inhomogeneous magnetic field Bz,AT(z) =​ B0,AT +​ B2,ATz2,  
at B0,AT =​ 1.23 T and B2,AT =​ 272(12) kT m−2, and a precision trap  
with magnetic field B0 that is a factor of approximately 105 more 
homogeneous. Here, z is the axial coordinate parallel to the magnetic 
field axis. The distance between the central electrodes of the analysis 
trap and the precision trap is 48.6 mm. The application of voltage ramps 
to electrodes that interconnect the traps allows adiabatic shuttling of 
the particles between the traps. The electrode assembly is placed inside 
an indium-sealed trap can in which the low pressure enables antipro-
tons to be stored for years19,29. Each of the traps is equipped with a  
sensitive tuned circuit for non-destructive image current detection of 
the particles’ axial oscillation frequencies at νz ≈​ 675 kHz (ref. 20). In 
addition, a detector with tunable resonance frequency (νr ≈​ 30.0 ±​  
0.4 MHz) for detection and resistive cooling of the modified cyclotron 
frequency at ν+,PT ≈​ 29.656 MHz is connected to a segmented electrode 
of the precision trap. The trapped antiprotons are manipulated by 
radio-frequency drives applied to the trap electrodes, or spin-flip coils 
mounted in close proximity to the trap (Fig. 1b). Quadrupolar drives21 
at frequencies νrf =​ ν+ −​ νz and νrf =​ νz +​ ν− allow the measurement of 
the modified cyclotron frequency ν+,PT as well as the magnetron  
frequency ν ν ν≈ /− +(2 )z,PT ,PT

2
,PT  by coupling the axial and the radial 

modes. This enables the cyclotron frequency to be determined using 
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B2,AT is essential for non-destructively determining the spin state of 
the antiproton. The inhomogeneity couples the spin magnetic moment 
of the particle to its axial oscillation frequency νz,AT. A spin transition 
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where mp  is the antiproton mass and h is the Planck constant. 
Consequently, the measurement of the axial frequency νz,AT =​ νz,0 ±​  
Δ​νz,SF/2 in the analysis trap allows the non-destructive identification 
of the spin state of the single trapped antiproton23. The unambiguous 
detection of these 0.2 parts per million (p.p.m.) changes in νz,AT is the 
major challenge in measuring the antiproton magnetic moment. Only 
antiprotons with a cyclotron energy E+/kB below the threshold energy 
(E+/kB)TH =​ 0.2 K, where kB is the Boltzmann constant, have axial 
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frequency fluctuations that are sufficiently small to clearly resolve single 
antiproton spin transitions23,24 (Fig. 1c).

To perform experiments, we load the precision trap with a single 
antiproton and remove contaminants such as electrons and negatively 
charged ions with kick-out and high power radio-frequency pulses. 
Subsequently, the magnetron and the modified cyclotron modes of the 
particle are cooled by sideband drives and direct resistive cooling, 
respectively. To this end, the resonance frequency of the cyclotron 
detector is adjusted to ν+,PT, which couples the antiproton to the 
thermal bath of the detector with Td ≈​ 12.8(8) K. The energy E+,L/kB of 
the modified cyclotron mode after such a thermalization cycle is 
analysed by measuring the axial frequency in the magnetic bottle B2,AT 
of the analysis trap8. Once an antiproton with E+,L/kB <​ 0.05 K has been 
prepared, we keep it in the analysis trap and detune the resonance 
frequency of the cyclotron detector by approximately 800 kHz. This is 
of utmost importance to prevent heating of the modified cyclotron 
mode of the cold antiproton by interaction with the detector when it 
later returns to the precision trap. In the next step, another single 
antiproton is loaded into the precision trap and cleaned from 
contaminants. Both radial modes are coupled to the axial detector using 
sideband drives, which cools the radial modes to the sideband  

limit22 ν ν/ = / × /± ±E k E k( ) ( )z z,c B B , corresponding to E+,c/kB ≈​ 350 K 
and |​E−,c|​/kB ≈​ 90 mK. This configuration, a cold Larmor particle in 
the analysis trap and a hot cyclotron particle in the precision trap, con-
stitutes the initial condition of an experiment cycle, which is illustrated 
in Fig. 2a.

The first step of an actual g-factor measurement cycle k starts with the 
initialization of the spin state of the Larmor particle in the analysis trap. 
For this purpose we alternate axial frequency measurements νz,k,j and 
spin-flip drives and evaluate Δ =​ νz,k,j+1 −​ νz,k,j. Here, j is the index of 
axial frequency measurements of the spin-state identification sequence, 
which is repeated until |​Δ|​​ >​ ΔTH =​ 190 mHz is observed. At our root-
mean-square-background axial frequency fluctuation of approximately 
65 mHz this corresponds to an identification of the spin state with an 
initialization fidelity23 of >​98%. Each of these spin-state initialization 
attempts requires about 25 min. Afterwards, the cyclotron frequency 
νc,k,j of the cyclotron particle in the precision trap is measured three 
times, j ∈​ {1, 2, 3}. Subsequently, this particle is shuttled to a park elec-
trode located upstream (Fig. 1b), and the Larmor particle is moved 
to the precision trap. Here, a radio-frequency field at drive frequency 
νrf,k and spin-transition Rabi frequency ΩR is applied for 8 s using the 
spin-flip coil, slightly saturating the Larmor resonance (see Methods). 
Then the Larmor particle is transported back to the analysis trap and 
the cyclotron particle to the precision trap, where we perform three  
additional measurements of the cyclotron frequency νc,k,j, where  
j ∈​ {4, 5, 6}. Finally, the spin state of the Larmor particle in the analysis 
trap is identified and compared to the previously identified spin state. 
With a total of 122 s per cyclotron frequency measurement, and about 
8 s and 79 s for the spin-flip drive and each individual transport, respec-
tively, a frequency measurement cycle k requires, on average, about 
890 s. Together with the initialization of the spin state, an entire experi
ment cycle takes about 40 min, which is about three times faster than 
in our 2014 proton magnetic moment measurement9.

By repeating this scheme for different spin-flip drive frequencies νrf,k 
and normalizing to the measured cyclotron frequencies νc,k, we obtain 
a g-factor resonance, which is the spin-flip probability as a function of 
the frequency ratio Γk =​ νrf,k/νc,k. Here, νc,k is the average of the six 
recorded cyclotron frequency measurements νc,k,j,PT taken in cycle k. 
Averaging is used to account for the temporal drift / × Δ / ≈t B B(1 ) ( )0  
. × − −2 5(6) 10 h9 1 in the field of the superconducting magnet, and to 

reduce the impact of fluctuations induced by residual magnetic field 
inhomogeneities.

To apply this two-particle measurement scheme routinely, it is crucial 
to keep the energy of the Larmor particle below (E+,L/kB)TH =​ 0.2 K. 
Consequently, we minimize parasitic heating of the ν+-mode by discon-
necting all radio-frequency supplies whenever possible. Multiple-order 
filter stages are connected to the high power spin-flip drive lines. After 
optimization of our particle manipulation radio-frequency networks, we 
achieved the cycle-to-cycle heating rate of the modified cyclotron mode 
that is shown in Fig. 2b. As expected for quantum oscillators, the heat-
ing rate per cycle scales linearly with the mode energy E+,L (refs 24, 25),  
but remains below 22 mK per cycle for (E+,L/kB) <​ (E+,L/kB)TH. The mean 
heating rate averaged over the entire measurement campaign is less than 
17 mK per cycle, which enables us to conduct about 75 measurement 
cycles before re-cooling of the cyclotron mode is required. Figure 2c  
displays a histogram of energies E+,L/kB measured during the entire 
measurement campaign. The total mean energy is E+,L/kB =​ 120 mK, 
corresponding to an average axial frequency stability of 65 mHz and 
a final spin-state identification fidelity between 80% and 90% (see  
ref. 23 and Methods).

The recorded g-factor resonance is shown in Fig. 3. A maximum-
likelihood estimate of an appropriate lineshape function Γ ΩP g( , , )pSF R  
to the data, in which we convolve the shape function χ Γ g( , )p  derived 
in ref. 26 with measurement and magnetic-field fluctuations, yields an 
experimental antiproton g-factor of / = .g( 2) 2 7928473453(30)p exp , the 
number in brackets representing the 68% confidence interval of our 
maximum-likelihood estimate. The linewidth of 13.3(1.0) p.p.b. results 
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Figure 1 | Historical overview and experimental setup. a, Historical 
overview of antiproton magnetic moment measurements. b, The relevant 
part of the Penning trap assembly used in this experiment. In the 
homogeneous magnetic field of the precision trap, the cyclotron frequency 
of the cyclotron particle is measured and spin transitions of the Larmor 
particle are induced. In the inhomogeneous magnetic field of the analysis 
trap, the spin state is first initialized and then analysed after each spin-
flip attempt in the precision trap. c, Single spin-flip sequence recorded in 
the analysis trap. The resolution of the experiment is sufficient to clearly 
identify the spin eigenstate.
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from drive saturation (12.7(1.0) p.p.b.) and magnetic field fluctuations 
(3.9(1) p.p.b.).

Compared to ref. 8, in this work the frequencies νL and νc are 
measured in the 85,000 times more homogeneous magnetic field of the 
precision trap. This greatly reduces the width of the g-factor resonance 
and thus enables measurements at a higher precision. In comparison to 
the double Penning-trap method16, which is performed with a single 
particle, and in which each measurement of νc heats the modified cyclo-
tron energy E+, the two-particle technique does not require cooling of 

the cyclotron mode in each measurement attempt, which improves 
the data accumulation rate. However, the two particles are at different 
mode energies E+,c ≠​ E+,L and E−,c ≠​E−,L, which induces systematic 
frequency shifts that need to be corrected.

The dominant systematic uncertainty arises from the uncertainty in 
the axial temperature during the high-precision frequency measure-
ments. We cannot exclude the possibility that the spin-flip drive in the 
precision trap increases the axial temperature of the Larmor particle 
by up to 0.68(7) K while the spin-flip drive is applied, compared to the 
axial temperature during the sideband drive of the cyclotron particle. 
As a consequence, the magnetic field experienced by the Larmor par-
ticle while the spin-flip drive is applied in the precision trap would be 
slightly different. Based on measured constraints, we account for this 
effect by adding a systematic uncertainty of (Δ​g/g)drive =​ 0.97 p.p.b. The 
leading systematic shifts arise from the cyclotron energy difference of 
the cyclotron and the Larmor particle (E+,c −​ E+,L)/kB ≈​ 356(27) K, 
which induces g-factor shifts of Δ / = .g g( ) 0 22(2)B1 p.p.b. and 
Δ / = .g g( ) 0 11(1)B2  p.p.b., owing to the linear and quadratic residual 

magnetic field gradients in the precision trap, B1,PT =​ 71.2(4) mT m−1 
and B2,PT =​ 2.7(3) mT m−1, respectively. All systematic corrections, 
including contributions of less than 0.1 p.p.b., are summarized in  
Table 1. For an extended discussion, see Methods.

The corrections to the measured result add up to −​0.4(1.0) p.p.b., 
which leads to the final result for the antiproton g-factor: 
/g( 2)p fin =​ 2.7928473441(42) (68% confidence level, CL).

The result has a fractional precision of δ /g g( )p p fin =​ 1.5 ×​ 10−9. The 
95% confidence interval determined from the analysis of our statistical 
and systematic uncertainties is δ /g g( )p p fin =​ 2.6 ×​ 10−9 (95% CL).
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Figure 2 | Measurement procedure. a, Schematic illustration of the 
two-particle-based g-factor measurement scheme. b, Fluctuations in 
the cyclotron-mode energy induced by the particle transport. Blue dots, 
fluctuations between subsequent measurements. Green dots, average 

root-mean-square fluctuation of bins with 10 mK width. Red line, fit to 
the green dots. For illustrative purposes, the red line and green dots have 
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energies E+,L/kB throughout the measurement campaign.
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The result is consistent with our previously measured value for the 
proton magnetic moment μp =​ 2.792847350(9)μN and supports CPT 
invariance in this system. By combining both results, we obtain:




−



 =− × −

g g

2 2
6(19) 10p p

fin

9

with a (95% CL). The uncertainty of this g-factor difference enables us 
to set new constraints to CPT-odd b coefficients of the non-minimal 
standard model extension10, which considers the sensitivity of different 
experiments with respect to CPT-violating cosmic fields27. With the 
experiment geometry described in ref. 8 and following the evaluation 
approach described in ref. 10, we obtain | | < . × −�b 1 8 10p

Z 24  GeV, 
| + |< . × −� �b b 1 1 10p

XX
p
YY 8 GeV−1 and | | < . × −�b 7 8 10p

ZZ 9 GeV−1 for the 
proton coefficients, and | | < . ×

∗ −�b 3 5 10p
Z 24   GeV, | + |

∗ ∗� �b bp
XX

p
YY  

< . × −7 4 10 9 GeV−1 and | | < . ×
∗ −�b 2 7 10p
ZZ 8 GeV−1 for the antiproton 

coefficients. This improves the previous best limits8 by more than two 
orders of magnitude. The energy resolution in the b coefficients for 
protons/antiprotons reaches a comparable magnitude to the limits for 
muon4 <10−23  GeV to <10−24  GeV and electron/positron  
<7 ×​ 10−24 GeV to <​6 ×​ 10−25 GeV b coefficients28. Furthermore, our 
measurement enables us to derive new limits on a possible magnetic 
moment splitting for protons/antiprotons f p

0, which has been discussed 
in a recent analysis of CPT-odd physics based on dimension-five inter-
actions11. Using 95% confidence limit on the g-factor difference of the 
value presented here, we obtain:

μ
μ=




−



 × 





< × −f

g g

2 2 2
6 10p

p p0

exp

N 12
B

where μB is the Bohr magneton. Our measurement improves on the 
limit reported in ref. 11 by three orders of magnitude.

Further improvements in the measurement precision of the anti-
proton magnetic moment using our method are possible. We expect 
that with a technically revised apparatus, including improved magnetic 
shielding, an improved resistive cooling system for the cyclotron mode 
with lower temperature, and a precision trap with a more homogeneous 
magnetic field, it will be possible to achieve a tenfold improvement in 
the limit on CPT-odd interactions from proton/antiproton magnetic 
moment comparisons in the future.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Table 1 | Error budget of the antiproton magnetic moment 
measurement

Effect Correction (p.p.b.) Uncertainty (p.p.b.)

Image-charge shift    0.05 0.001
Relativistic shift    0.03 0.003
Magnetic gradient    0.22 0.020
Magnetic bottle    0.12 0.009
Trap potential −​0.01 0.001
Voltage drift    0.04 0.020
Contaminants    0.00 0.280
Drive temperature    0.00 0.970
Spin-state analysis    0.00 0.130
Total systematic shift    0.44 1.020

The table lists the relative systematic shifts (column 2) by which the measured magnetic-moment 
value was corrected; column 3 is the uncertainty of the correction. Details of these systematic 
effects and their quantification are given in Methods.
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Methods
Uncertainties and confidence levels. We chose to use the 68% CL of the 
measured data as the quoted experimental uncertainty, to facilitate the comparison  
to our previous proton magnetic moment measurement9, where we also used 
68% CL. Our recent statistical antiproton g-factor measurement is quoted at a 
relative precision of δ​g/g =​ 820 p.p.b. (95% CL), and for the 68% CL we reported  
δ​g/g =​ 520 p.p.b.8. The improvement factor quoted in the text compares the 68% con-
fidence levels of the two measurements. Constraints on standard model extension  
coefficients are usually quoted with 95% confidence levels10, so we quote both values  
in the text and use the 95% CL to calculate the limits on CPT-odd interactions.
Systematic effects in the precision trap. Imperfections of the electric quadrupole 
potential and the residual magnetic field inhomogeneity in the precision trap give 
rise to small amplitude-dependent frequency shifts of the antiproton’s eigenfre-
quencies and thereby of the determined g-factor. A comprehensive analysis of 
amplitude-dependent systematic effects can be found in the references22,30. In our 
case, the dominant systematic uncertainties scale all with the residual magnetic 
bottle B2,PT and the axial temperature Tz.
Determination of the magnetic field gradients. The magnetic field around the 
centre of the precision trap can be approximated as Bz,PT(z) =​ B0,PT +​ B1,PTz +​ B2,P

Tz2. The magnetic field gradients in the precision trap result mainly from the mag-
netic ring electrode of the analysis trap. The linear gradient B1,PT can be determined 
by measuring the cyclotron frequency as a function of the position in the trap. The 
position of the particle is changed by applying offset voltages dV to one of the cor-
rection electrodes, and the particle shift dz/dV is extracted from potential calcula-
tions. From several independent measurements carried out during the experiment 
run, we extracted B1,PT =​ 71.2(4) mT m−1. The magnetic bottle parameter B2,PT is 
accessible by measuring the axial frequency νz,i−1 and νz,i before and after a sideband 
drive. From the distribution of the values δi =​ {νz,i −​ νz,i−1}, we obtain the parameter 
B1,PTT+,PT =​ B2,PT(ν+,PT/νz,PT)Tz =​ 976(23) T m−2 K. With Tz =​ 8.12(61) K from 
the temperature measurement discussed below, this yields B2,PT =​ 2.74(22) T m−2. 
Within error bars, this result is consistent with the B2 parameter extracted 
from finite-element-method simulations, B2,PT,F =​ 3.1(4)  T  m−2, which  
calculates the magnetic field in the precision trap caused by the magnetic bottle 
in the analysis trap.
Axial temperature determination. We determine Tz in the precision trap from the 
lineshape model of the dip signal on the axial detector. The lineshape χD of the dip 
in the frequency spectrum of the axial detector’s signal is given as:

∫χ ν ν χ ν ν ν=





 Δ

∞

C C T
T

T T
T

T C C( , , , , ) 1 d exp ( , , ( , , ))z z
z z

z zD 4 6
0

4 6

where χ(ν,νz,Δ​νz) denotes the dip lineshape function for a constant axial 
frequency31,32 νz +​ Δ​νz. νz denotes the unperturbed axial frequency, Tz is the 
temperature of the axial detection system, C4 and C6 characterize potential 
perturbations in the trap and give rise to an amplitude-dependent axial frequency 
shift22,30 Δ​νz(Ez,C4,C6). A variation of the voltage ratio that is applied to the correc-
tion electrodes Vce and the ring electrode Vring—the tuning ratio TR =​ Vce/Vring—
changes C4 and C6 and thereby the signal-to-noise ratio of the dip. By measuring 
the change in the signal-to-noise ratio of the dip as a function of the tuning ratio, 
the axial temperature Tz can be obtained.

This approach reduces the determination of Tz to the knowledge of the trap 
specific parameter D4 =​ dC4/dTR, which is robust with respect to typical machining  
errors and offset voltages, and can be reproduced by calculations within an uncer-
tainty of <​10%. The scaling dSNR/dTR (SNR, signal-to-noise ratio) as a function 
of temperature is shown in Extended Data Fig. 1. We have measured a scaling of 
dSNR/dTR =​ 11.5(4) dB per mUnit in the precision trap (mUnit expresses changes 
in the tuning ratio; a change by 1 mUnit corresponds to a change of 0.001 in the 
tuning ratio), and extract an axial temperature Tz =​ 8.12(61) K. The value can be 
backed up by measurements of the detector signal-to-noise ratio and comparisons 
to the width σ(νz) of the axial frequency scatter after cyclotron sideband coupling. 
All obtained values are consistent within errors.
Axial temperature during spin-flip and sideband drives. To compare the axial 
temperature while the spin-flip and sideband drives are applied, we have compared 
fast Fourier transform spectra of the axial detection system in the precision 
trap without any applied external drive signal and while spin-flip and sideband 
drives were irradiated. The noise level of the detector can be used to calculate the 
effective temperature of the detection system with the known impedance using 
the Johnson–Nyquist formula.

Measurements taken while the spin-flip drive was applied show an increase 
of 0.355(36) dB in the detector’s noise signal. On the basis of the available data, 
we cannot conclude whether the additional noise was added at the input or the 
output stage of our cryogenic detector. Thus, we cannot exclude the possibility 
that the increased signal level affected the particle temperature while the spin-flip 

drive was applied. Once coupled to the detector via the input stage, the observed 
increase in the signal level would correspond to an effective temperature increase 
of Δ​Tz =​ 0.68(7) K. As a consequence, the frequencies νL and νc were potentially 
probed at different axial mean-square amplitudes z2 and consequently at different 
average magnetic fields.

The most conservative approach to considering the potential change in Tz in 
the g-factor evaluation assumes that the related temperature increase occurs only 
when the spin flip drive is applied, while the sideband drive in cyclotron frequency 
measurements did not affect Tz. From this assumption we extract the dominant 
systematic uncertainty to the g-factor with (δ​g/g)drive =​ 0.97(7) p.p.b. (68% CL). For 
the 95% CL, the limit on the g-factor shift is calculated on the basis of the noise level 
shift increased by two s.d., which results in (δ​g/g)drive =​ 1.06(8) p.p.b. (95% CL).
Summary of g-factor shifts in the precision trap. In our measurement, we need to 
consider frequency shifts caused by the octupole perturbation in the trapping poten-
tial C4, which affects the cyclotron frequency determined by the invariance theorem, 
but not the Larmor frequency. The major contribution to the cyclotron frequency 
shift comes from the axial frequency shift Δ​νz,C4 =​ 32 ×​ Δ​TR ×​ Tz  mHz per mUnit K 
(0.032 × ΔTR × Tz mHz K−1), where Δ​TR =​ −​5 ×​ 10−5 is the tuning ratio offset from 
the optimum working point. This results in a g-factor shift of (δ​g/g)Φ =​ −​10(1) parts 
per trillion (p.p.t.). Higher-order perturbations contribute less than 0.1 p.p.t.

The residual magnetic field inhomogeneity B2,PT changes the magnetic field 
experienced by the antiprotons depending on their axial amplitudes. The frequency 
shifts in both frequencies νL and νc are considered in the g-factor lineshape 
function, and compensate each other in the frequency ratio.

The second effect that needs to be considered is the temperature difference 
in the cyclotron mode of the two particles (E+,c −​ E+,L)/kB =​ 356(27) K. Owing 
to the magnetic-field gradients in our trap, the cyclotron frequency is effectively 
measured at a lower magnetic field. This results in shifts of the measured g-factor 
of (δ​g/g)B1 =​ +​0.22(2) p.p.b. owing to the change in the axial equilibrium position, 
and (δ​g/g)B2 =​ +​0.12(2) p.p.b. owing to the difference in the radial orbit. Further, 
the cyclotron energy difference causes a relativistic shift of the measured cyclotron 
frequency, which changes the measured g-factor by (δ​g/g)rel =​ +​0.033(3) p.p.b. All 
other amplitude-dependent systematic shifts are negligible.

The image charge induced by the antiproton in the trap electrodes interacts back 
with the particle and modifies cyclotron frequency determined via the invariance 
theorem. This causes another systematic deviation of the extracted cyclotron 
frequency and modifies the measured g-factor by (δ​g/g)im =​ +​0.04 p.p.b., the error 
of this value being on the sub-p.p.t. level33,34.

Asymmetric voltage relaxation drifts after the particle transport in the precision 
trap also affect our measurements. The first measurement of the sideband particle’s 
axial frequency after the spin-flip drive in the precision trap is effectively measured 
at a lower trapping potential than the sideband frequencies. The required correc-
tion of 0.15(2) p.p.b. was included in the determination of Γ​k, and is contained 
in the statistical g-factor evaluation. The voltage drift also means that the axial 
equilibrium position spin-flip particle drifts in the magnetic field gradient B1,PT 
during the Larmor drive. This systematically shifts the measured g-factor by  
(δ​g/g)V =​ +​0.04(2) p.p.b.
Two-particle comparisons. To ensure that no contaminants were co-trapped with 
one of the antiprotons, which would induce systematic g-factor shifts, we compared 
the charge-to-mass ratios of the two particles6 and confirmed that the cyclotron  
frequencies of the two antiprotons were identical within an uncertainty of 
0.28 p.p.b., the value being limited by the statistics of the comparison measurement.
Lineshape of the g-factor resonance. The basic mechanisms giving rise to the 
lineshape of the Larmor resonance in Penning trap measurements have been 
discussed26. The residual magnetic bottle in the precision trap and the interaction of 
the particle’s axial mode with the image-current detector generate a lineshape that is 
a convolution of the unperturbed Rabi resonance and the Boltzmann distribution of 
the axial energy. The spin-flip probability in the precision trap can be expressed as:
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with Ω μ= /b ħpR rf  being the angular Rabi frequency of the spin-flip drive, where 
brf is the magnetic field amplitude of the spin-flip drive in the perpendicular direc-
tion to the z-axis. trf =​ 8 s is the Larmor drive duration, Γ ν ν= /〈 〉k k kL,rf, c,  is the 
probed g/2-factor ratio, gp is the antiproton g-factor, and χ Γ g( , )k pL  is the Larmor 
lineshape function. The latter is obtained from χL(ωL,B0) derived in the analysis 
in ref. 26 as:
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with the parameters ω= + ΔP P iP41 2
2

2 L, γ= πP 22 PT. Δ​ωL =​ 2π​0.440(49) s−1 is 
the Larmor linewidth parameter, and γPT =​ 1.75 Hz is the damping constant of the 
axial detector in the precision trap. Δ​νc is the cyclotron-frequency shift, which is 
composed of the difference in magnetic field obtained from the cyclotron-
frequency measurements to the average magnetic field during the spin-flip drive, 
and the measurement fluctuations caused by the sideband method. The distribu-
tion of Δ​νc is analysed below. The line-shape function used in the g-factor 
evaluation is the convolution of the cyclotron-frequency shift distribution ρ(ν) and 
the lineshape function χ Γ g( , )k pL :
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Magnetic field model. The average cyclotron frequency shift Δ​νc and the cyclo-
tron frequency shift distribution ρ(ν) in χ Γρ g( , )k pL,  define the location of the 
resonance relative to the gp-factor and contribute to the width of the resonance. 
Therefore, these parameters require a detailed analysis.

The measurement of both frequencies νL and νc is carried out in the residual 
magnetic field inhomogeneity of the precision trap B2,PT. The axial amplitude  
z2 shifts the measured cyclotron frequency by ν ωΔ =Δ / π / =g(2 2)B pc, 2 L

155(4) mHz compared to the frequency in the trap centre. We consider this effect 
by adding Δ​νc,B2 to Δ​νc in the lineshape function χ Γρ g( , )k pL, . For the Larmor 
frequency, the detector–particle interaction of the axial motion in the presence of 
B2,PT is inherently contained in the lineshape function. 

Further, the sideband method for the measurement of the modified cyclotron 
frequency ν+ induces fluctuations on νc because the sideband drive couples the 
modified cyclotron mode to the axial detector. This results in a measurement of 
the sideband frequencies νl and νr in thermal equilibrium with T+ =​ ν+/νz ×​ Tz and 
a measurement of the axial frequency with a different energy E+ after each drive. 
Therefore, the measured modified cyclotron frequency is:

ν ν ν ν ν= + + − /+ + + +T T E k( ) ( ) ( )z,measured rf,SB L R B

where (E+/kB) is a state of the Boltzmann distribution of the cyclotron energy with 
temperature T+. The dominant resulting fluctuation is:

ν ν ν ν νΔ = − =Δ −Δ /+ + + +T E k( ) ( )z zc,SB ,measured B

which has an expectation value of zero. The contribution of this effect to the 
cyclotron frequency shift distribution ρ(ν) with six averaged cyclotron frequency 
measurements is approximated by a normal distribution with a standard deviation 
of σ(νc,SB)/νc =​ 2.17(6) p.p.b.

External magnetic field fluctuations caused by the imperfectly shielded periodic 
ramps of the antiproton decelerator magnets and random-walk magnetic-field 
fluctuations of the superconducting magnet cause a magnetic-field difference from 
the one obtained by the cyclotron frequency measurements and the real magnetic 
field during the spin-flip drive. To analyse this effect, we construct a magnetic-field 
model based on our cyclotron-frequency measurements. The model consists of 
the sideband fluctuations described above, a magnetic-field white-noise compo-
nent Δ​νc,W with standard deviation σW, and a random-walk component Δ​νc,RW 
with standard deviation σ ΔtRW , with Δ​t being the time difference between two 
measurements. Extended Data Fig. 2 shows the measured standard deviations of 
the cyclotron frequency shifts as function of Δ​t and the total fluctuations predicted 
by our magnetic field model. Based on this, we simulate the evolution of the 
magnetic field for 1,000 measurement cycles, which reproduce the observation 
shown in Extended Data Fig. 2 within uncertainties. To analyse the impact on the 
ratios Γk, we determine the standard deviation of the magnetic-field difference that 
the spin-flip particle experiences during the Larmor drive and the effective 
magnetic field determined from six averaged cyclotron frequencies. From these 
Monte-Carlo simulations, we obtain σB,c/B0 =​ 3.9(1) p.p.b.

On the basis of the calibration of our external flux gate sensors, we contribute 
1.8(4) p.p.b. to stem from imperfectly shielded external magnetic field ramps from 
the deceleration cycle of the antiproton decelerator.

In total, the magnetic-field fluctuations are dominated by white noise, therefore 
we approximate the cyclotron-frequency shift distribution ρ(ν) by a normal  
distribution with standard deviation σc =​ 3.9(1) p.p.b. In the evaluation, the convolu-
tion of the lineshape function with this cyclotron frequency shift distribution is used.

Larmor drive amplitude and saturation. The magnetic field fluctuations σc smear 
out the Larmor resonance and reduce the maximum spin-flip probability for meas-
urements with unsaturated Larmor drive. Therefore, we deliberately applied a drive 
amplitude that slightly saturates the Larmor transition to keep the contrast in spin-
flip probability, that is, the difference in spin-flip probability for on-resonance to 
off-resonance data pointes, at a stable maximum. Thereby, we avoided an increase 
in the measurement statistics required to resolve the g-factor resonance. Our choice 
of the drive amplitude leads to the saturated resonance shown in Fig. 3. The drive 
saturation is included in our line-shape model and its effect is considered in the 
statistical evaluation.
Optimization of the spin-transition identification procedure. The observation 
of the spin transitions in the precision trap requires the identification of the initial 
and the final state of each spin-flip attempt in the analysis trap. For this purpose, 
we drive spin-transitions in the analysis trap and analyse the axial frequency shift 
caused by each drive to identify the spin state23,25. In contrast to the discussion in 
ref. 23, we determine the probabilities for spin up ↑P( )k  for the initial state and 
final state of each spin-flip attempt individually based on a recursive formula23, 
which is reproduced here for convenience:
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 is a set of measured axial frequency shifts, h0 and h+ are normal 

distributions with standard deviation Ξz  describing the axial frequency shift 
distributions for spin-flip drives, where the spin state remains unchanged and 
changes to spin up, respectively. PSF,AT ≈​ 50% is the spin-flip probability of the 
spin-flip drive in the analysis trap. The recursion is initialized with maximum 
ignorance ↑P( )0  =​ 0.5. Note that the order of the set Δ

=
{ }j j

n
1
 can be reversed to 

determine the starting state of the sequence.
The fidelity of the spin-state identification, that is, the mean probability to assign 

the correct spin state, is limited by the axial frequency fluctuations Ξ ≈z  65 mHz, 
which are not negligible compared to the frequency shift induced by a spin tran-
sition Δ​νSF ≈​ 172 mHz. To increase the contrast of the g-factor resonance, we 
define the initial state of the precision trap spin transition with high fidelity.  
For this purpose, we deliberately wait until we drive a spin transition, where the 
spin-flip frequency shift ±​Δ​νSF and the axial frequency shift add up so  
that |​νz|​ >​ 190 mHz. Depending on the cyclotron energy and the associated  
frequency fluctuation Ξ +E( )z , this defines the initial spin state with a fidelity higher 
than 98%.

The determination of the final state requires us to determine the spin state at the 
beginning of the spin-state identification sequence. Owing to the limited fidelity, 
information on the spin state at the beginning is lost with each spin-flip attempt. 
The probability to extract the correct spin state from the sequence is defined by 
the random values of the axial frequency fluctuations and the occurrence of spin-
transitions during the first spin-flip drives in the sequence. This reduces the average 
final spin-state fidelity to a value between about 80% and about 90%, depending 
on the cyclotron energy of the antiproton.
Maximum likelihood estimation of the g-factor. The data analysed in the 
statistical evaluation were recorded in the time period from 5 September 2016 
to 28 November 2016. In total, 1,008 measurement sequences with Larmor drive 
at a fixed amplitude, three preceding and three subsequent cyclotron frequency 
measurements, spin state initialization and final spin state determination have 
been carried out. Seventy-five of these measurement sequences are disregarded 
in the evaluation, as they were perturbed by external magnetic field shifts caused 
by operations on the overhead crane or other magnets in the environment of our 
apparatus. These measurement cycles have been identified using our magnetic-field 
monitoring system based on flux-gate, GMR and Hall sensors, which are placed 
in our experiment zone.

In our analysis procedure, we determine gp from a direct maximum likelihood 
estimation based on the frequency ratios Γ​k and the preceding and subsequent 
series of axial frequency shifts Δ ν= Δ

=
{ }k z i k i

n
, , 1

k  and δ ν= Δ + =
+{ }k z i k i

n
, , 1 1

k 1 , 
respectively. These are recorded during the spin-state determination in the analysis 
trap. The likelihood function can be expressed as:
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Where PSF,PT is the lineshape function including the convolution with the  
cyclotron frequency shift distribution. Δ δ| = ↑ − ↑ +P P P(SF , ) ( )(1 ( ))k k i k f k, ,
− ↑ ↑P P(1 ( )) ( )i k f k, ,  is the probability that a spin-flip has occurred in the precision 

trap based on the axial frequency information in the analysis trap. The spin-up 
probabilities for the initial and final states are given by ν↑ = ↑ | Δ

=( )P P( ) { }i k n z i k j
n

, , , 1
k  

and ν↑ = ↑ | −Δ + − + =+
+( )P P( ) { }f k n z n i k j

n
, ,1 , 1 1k

k
1

1 , respectively.

The likelihood function in the plane of σc is shown in Extended Data Fig. 3 as 
function of the Rabi frequency ΩR/(2π​) and the relative difference between the 
antiproton and proton g-factors, − /g g g( )p p p,exp . We determine the confidence 
intervals for the antiproton g-factor as described35. As a result, we obtain

= .
g

2
2 7928473453(30)p ,exp

ΩR/(2π​) =​ 1.11(14) Hz, which is a relative uncertainty of (δg/g)stat =​ 1.1 p.p.b. in 
gp ,exp with 68% CL, and (δg/g)stat =​ 2.3 p.p.b. for the 95% CL.
Fluctuation model dependence. The determination of ↑P( )i k,  and ↑P( )f k,  require 
the spin-flip probability in the analysis trap PSF,AT, the frequency shift caused by a 
spin transition Δ​νSF, and the axial frequency fluctuation without drive Ξ +E( )z k k, ,  
as input parameters23. The first two parameters are extracted from an maximum 
likelihood estimation using all measured frequency shifts with spin-flip drive in the 
analysis trap during the measurement sequence. We obtain Δ​νSF =​ 170.4(2.0) mHz, 
and PSF,AT =​ 47.29(0.68)%. The variations in the g-factor when changing Δ​νSF  and 
PSF,AT within their uncertainties are only 12 p.p.t. and 15 p.p.t., respectively. The 
major contribution of uncertainty from the spin-state analysis comes from the 
values of the axial frequency fluctuations Ξz k, , which need to be determined for 
each measurement sequence k individually, since the cyclotron energy E+,k changes 
for each data point owing to the residual heating effect during the particle 
transport. At a fixed averaging time, the axial frequency fluctuation scales as:

Ξ Ξ Ξ= ++ +E E( )z k k E k, , 0
2 2

,

where Ξ0 summarizes the cyclotron-energy independent axial frequency fluctua-
tions, for example, owing to voltage fluctuations and fast Fourier transform aver-
aging, and Ξ +EE  is the contribution due to cyclotron quantum transitions driven 
by spurious noise in the analysis trap25,36. We determine E+ for each data point, 
based on the axial frequency νz k, , the analysis trap ring voltage V kR, , and on the 
frequency information from the last cyclotron cooling procedure. Each spin-state 
determination is accompanied by measurements of frequency fluctuations without 
spin-flip drive. The combined information of E+,k and the measured frequency 
fluctuations is used to determine the parameters of Ξ +E( )z k k, , . We account in our 
model for a slow drift of the voltage reference of our analysis trap ring voltage 
power supply. This requires us to adjust the values of (E+/kB) at constant ring 
voltage by 2.7 mK per day. Changing the model parameters and the cyclotron 
energy E+ within their confidence intervals causes a g-factor variation of 133 p.p.t. 
and 238 p.p.t. for the 68% CL and the 95% CL, respectively. We add the uncertain-
ties of all three parameters in quadrature to the uncertainty of the determined 
g-factor.
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are available from the corresponding authors on reasonable request.
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Extended Data Figure 1 | Axial temperature determination. Scaling of the parameter dSNR/dTR as a function of detector temperature is shown. The 
blue filled circles represent results based on electrostatic potential calculations, the red line is the measured value, dSNR/dTR =​ 11.5(4) dB per mUnit, 
and the green lines indicate standard uncertainty (68% CL).
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Extended Data Figure 2 | Parameter determination of the magnetic 
field model. The standard deviation of the cyclotron frequency difference 
of two measurements is shown as function of their time difference. 

The data points shown with 1 s.d. error bars are based on the cyclotron 
frequency data of the g-factor measurement, and the curve shows the 
prediction of our magnetic field model based on these data.
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Extended Data Figure 3 | Result of the statistical g-factor resonance 
evaluation. The likelihood function was calculated for σc =​ 3.9 p.p.b. as 
function of the Rabi frequency ΩR/(2π​) and the antiproton g-factor gp ,exp. 
The white cross marks the point with the maximum likelihood. The areas 

including points ΩR/(2π​), gp ,exp within the 68.3%, 95.5% and 99.7% 
confidence levels are shown in light grey, grey and dark grey, respectively, 
and the black area marks points outside these limits. gp is the proton  
g-factor from ref. 9: gp/2 =​ 2.792847350(9).
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