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ABSTRACT

The Standard Model (SM) of particle physics is both incredibly successful and glaringly incomplete. Among the questions left
open is the striking imbalance of matter and antimatter in the observable universe' which inspires experiments to compare the
fundamental properties of matter/antimatter conjugates with high precision>. Our experiments deal with direct investigations of
the fundamental properties of protons and antiprotons, performing spectroscopy in advanced cryogenic Penning-trap systems®.
For instance, we compared the proton/antiproton magnetic moments with 1.5p.p.b. fractional precision’-, which improved
upon previous best measurements® by a factor of >3000. Here we report on a new comparison of the proton/antiproton
charge-to-mass ratios with a fractional uncertainty of 16p.p.t. Our result is based on the combination of four independent
long term studies, recorded in a total time span of 1.5years. We use different measurement methods and experimental
setups incorporating different systematic effects. The final result, —(g/m),/(q/m)s = 1.000000000003(16), is consistent with the
fundamental charge-parity-time (CPT) reversal invariance, and improves the precision of our previous best measurement® by a
factor of 4.3. The measurement tests the SM at an energy scale of 1.96- 10727 GeV (C.L. 0.68), and improves 10 coefficients of
the Standard Model Extension (SME)'?. Our cyclotron-clock-study also constrains hypothetical interactions mediating violations
of the clock weak equivalence principle (WEP() for antimatter to a level of |ag — 1| < 1.8- 107, and enables the first differential
test of the WEP.¢ using antiprotons'!. From this interpretation we constrain the differential WEP¢-violating coefficient to
ot p — 1] < 0.030.

Various strong motivations to study CPT invariance exist'?; One of them is that CPT symmetry is inherent to any local,

unitary quantum-field-theory without gravity, which is Lorentz invariant, and that has a stable vacuum ground state'®. Tests of
CPT invariance therefore constitute probes of the most fundamental pillars of the SM. Furthermore, some approaches to Physics
Beyond the SM (PBSM), such as theoretical models with compactified dimensions and non-trivial space-time geometries'#, or
quantum theories of gravity'>!®, induce CPT-violation. Another motivation to test CPT is that its invariance implies symmetry
between the fundamental properties of matter/antimatter conjugates'?, which is in tension with our current best models of the
early Universe!”, predicting a matter/antimatter balanced radiative universe with a baryon-to-photon ratio of 10~'8. However,
cosmological observations indicate a baryon-to-photon ratio of 0.6 x 107! and a matter-dominated universe, suggesting a

possible asymmetry between matter and antimatter.

For these reasons, direct high-precision experimental tests of CPT invariance provide a topical avenue to search for PBSM.
Another fundamental question in physics is whether antimatter obeys the weak equivalence principle (WEP). We study this
question by applying the arguments of'!, in which anomalous gravitational scalar or tensor couplings to antimatter’’ would
cause clocks formed from matter/antimatter conjugates to oscillate at different frequencies - in direct violation of the WEP.
In this article we address both fundamental questions and report on a comparison of the antiproton-to-proton charge-to-mass
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Figure 1. Elements of the experiment to determine the antiproton-to-H™ charge-to-mass ratio. a.) Penning-trap stack, the left
trap is a reservoir trap'®, the green ellipse indicates a composite cloud of trapped antiprotons and H™ ions. On the right the
measurement trap is shown®. This trap is equipped with two frequency tuneable detection systems, one for the modified
cyclotron frequency V.., the other for the axial frequency v;. b.) On axis potential of the trap stack. To compare cyclotron
frequencies of H™ ions and antiprotons we shuttle the particles between configurations b.1 and b.2. c.) Cyclotron frequency
ratio fluctuation for the 2014-run (5.85p.p.b., red®), the 2019-sideband run (1.67(12)p.p.b., green) and the 2019-peak run
(0.85p.p.b., blue). The stability improvement between 2014 and 2018 is due to a rigorous redesign of the apparatus'®. d.) Axial
dip spectra as used in the sideband method. The dashed green line is a fit to a single particle dip. In case a sideband drive at
V4 — V, is applied to the trap, the amplitude of the axial oscillator experiences a modulation and a "double-dip" spectrum is
observed. The solid red line is a fit to the sideband-spectrum. e.) Signal of a single antiproton with excited (E; = 4.5eV)
modified cyclotron mode, recorded with the v, image current detector, as used in the peak method.

ratio with a fractional precision of 16 p.p.t. This result improves the precision of our previous best measurement® by a factor of
4.3 and constitutes the most precise direct test of CPT-invariance with antibaryons. We use the variation of the gravitational
potential in our laboratory as the Earth orbits on its elliptical trajectory around the sun to derive stringent limits on scalar and
tensor interactions that violate the WEP.. for antimatter.

Our experiment?! is located at the antiproton decelerator (AD) facility of CERN. It consists of a horizontal superconducting
magnet with a homogeneous magnetic field of By~ 1.945T that has a temporal stability of ABy/Bg ~ 2p.p.b./h. A cryogenic
multi-Penning trap cooled to 4.8 K, see Fig. 1 (a), is mounted in the center of the magnet bore. The trap is placed inside a vacuum
chamber with a volume of 1.21. Cryopumping enables lossless antiparticle storage for years>?, essential for the long term studies
reported here. Ultra-stable voltages applied to carefully designed”’, gold-plated trap electrodes that are made of oxygen-free
electrolytic copper (OFE), provide a locally ideal electrostatic quadrupole potential. The trajectory of a single charged particle
stored under such electromagnetic conditions can be decomposed into the motion of three independent harmonic oscillators at
the modified cyclotron frequency v, ~ 29.6 MHz and the magnetron frequency v_ ~ 6.9kHz, perpendicular to the magnetic
field By - e;, and at the axial frequency v, ~ 640kHz, oscillating along the magnetic field lines. The Brown-Gabrielse invariance
theorem V. = (V2 + v2 + v2)!/2 relates the three trap frequencies to the free cyclotron frequency v, = (¢B)/(2wm)**. By
comparing cyclotron frequencies V. and V,» of two different particles in the same magnetic field By, we get access to the
ratios of charge-to-mass ratios V.. 1/Ve2 = (g/m)1/(q/m)>.

We compare the cyclotron frequencies of single negatively charged hydrogen ions H™ to those of single antiprotons p>. H™ is
an excellent negatively charged proxy for the proton (p) with mass

me

=1.00108921875380(3), (1)
mp

as detailed in the methods paragraph. Comparing particles of the same charge sign avoids inversion of the trapping voltages,
and greatly reduces systematic frequency-ratio shifts®. We measure the individual particle frequencies Vin J € (+,2,—) and
h € (1,2), using highly-sensitive superconducting image current detectors®®, and apply the particle shuttling method first
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realized in®, see Fig.1 (b). Using this technique, a single frequency ratio comparison takes about 260s. To improve the
fractional uncertainty reached in previous experiments®, numerous experimental upgrades have been implemented. A rigorous
re-design of the cryogenic experiment stage!® and the development of an advanced multi-layer magnetic shielding system?’
reduced cyclotron frequency fluctuations by up to a factor of 6, as illustrated in Fig. 1 (c). To eliminate the dominant systematic
shift of®, arising from an interplay of trap voltage tuning and residual magnetic field inhomogeneity B;, we have developed a
frequency adjustable image-current detector®® for the axial motion oscillating at v,. This allows for particle comparisons at
constant electrostatic potential and ensures that the antiproton and the H™ -ion are compared under exactly the same trapping
field conditions.

To measure the cyclotron frequencies V. and V.. -, we prepare the initial conditions shown in Fig. 1 (b) using the techniques

described in’!. We use two different methods to determine v, one is the well-established sideband-technique (see Fig. 1
(d)). The other, called the peak-technique, is based on the direct measurement of the modified cyclotron frequency v+25
using a resonant tuneable image-current detector (Fig. 1 (e)). The sideband-method determines v by first measuring the axial
frequency Vv,. This is accomplished by tuning the particle frequency Vv, to the detector’s resonance frequency Vies, and recording
a fast Fourier transform (FFT) spectrum of the time transient of the detector output®. Subsequently, a quadrupolar drive at
Vif = V4 — V; is injected to the trap, which leads to an amplitude modulated axial mode oscillation and hence to signal splitting
and frequency signatures at v; and Vv,, as shown in Fig. 1 (d)*°. We determine v, v; and v, by least squares fitting to the
recorded FFT spectra, and obtain the modified cyclotron frequency as vy = v+ v; + v, — v,. As all frequency measurements
are performed while the particle is in thermal equilibrium with the detection system, the method is largely insensitive to
energy-dependent systematic frequency shifts. However, the resolution of the method is intrinsically limited by the 2.5Hz
width of the axial dip and the 25dB signal-to-noise ratio of the utilized image current detector. At the optimized averaging
parameters of the experiment the principal frequency-ratio fluctuation limit of the method is at Av, /v, = 1.67(12) p.p.b.

In the peak method the particle’s modified cyclotron mode is resonantly excited to energies of order E; = 4.5eV to 5.5¢eV, and
V. is obtained from a least squares fit to the recorded FFT spectrum shown in Fig. 1 (e). The observed peak signal has a width
about 100 times smaller than the dip signal in the sideband method. Since the particle is excited to high £, the method is
however sensitive to energy dependent systematic frequency shifts. Therefore, it is crucial to carefully calibrate E, - and E 5.
Those energies are measured by recording axial frequency shifts dominantly imposed by the residual magnetic inhomogeneity
By = —0.0894(6)T/m2 of our measurement trap and relativistic frequency shifts*?. To determine the thermal equilibrium
cyclotron frequency Vv, o, we first cool the particle by coupling its modes to the axial detector”” and measure V. via the dip
method. Afterwards we excite the modified cyclotron mode to an energy E_, and simultaneously record an axial and a peak
spectrum to obtain V,exe and V4 exc. Subsequently we determine

Ot Vzexc — Vz,O

o Vo > ’ @

V10 = Viexc (1 -

the trap specific coefficients oy and o, are described in the methods paragraph. With this method we achieve a median
frequency ratio fluctuation of 850p.p.t., dominantly limited by magnetic field diffusion.

The data-set which was recorded, shown in Fig.2 a.), consists of 24 187 individual frequency ratio measurements acquired
within four measurement campaigns between December 2017 and May 2019. The data-set is a clustered Gaussian mixture with
superimposed outliers, sourced by changing environmental fluctuations in the accelerator hall, leading to temporal frequency
stability fluctuations of the experiment, as shown in Fig.2 b.). Before analyzing the data, we hence apply robust block stability
and median absolute deviation filters®', backed-up by magnetometer information. Depending on the run, the filters remove
between 1% and 4 % of the acquired data, details are described in the supplementary material. From the resulting cleaned
cyclotron frequency sequences we extract the frequency ratio by superimposing data sets V.5 x and V, - of length Ny with a
free multiplicative estimator R = V.5 /V, -, while fitting to the resulting data-set a polynomial p(¢) of order g. We maximise
the log-Likelihood function log L({Vc s &, V. - 4}, R) to find the likeliest R-value, and estimate the frequency ratio uncertainty
by calculating the Fisher information®” I(R) = d*10g L({V¢.px, V. 1y~ ¢ }+R)/dR* and evaluating the Cramer-Rao lower bound*>.
Typically, we consider sub-group lengths Ny, covering time windows between 1.5h and 4h, within these time scales other
experimental parameters can be considered stable. Depending on the selected sequence length we optimize the order g of
the fitting polynomial p(¢) using Fisher-ratio tests®* and reduced Akaike information®>. To account for the temporal stability
variations we evaluate the final frequency ratio R j— o ¢ as the weighted arithmetic mean of the determined ratio-sequence
(R,06(R))x. The robustness of the data evaluation approach is studied by evaluating the frequency ratio as a function of
group-length Ny, polynomial order ¢, as well as varying filter-cut conditions. Monte-Carlo simulations relying on a data-based
magnetic field model are used to test the evaluation approach. In addition, we benchmark the applied data-evaluation algorithm
by comparing identical particles, and obtain values consistent with 1 within a statistical uncertainty of 14 p.p.t.

Processing the acquired data using this evaluation approach and applying systematic corrections summarized in the methods
paragraph and the supplementary material, we obtain the results summarized in Tab. 1. Figure?2 c.), shows the frequency ratio
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Figure 2. Results. a.) Recorded data set projected to one sidereal year. b.) experiment stability o(R)/R as a function of time,
each data-point contains and individual data-window of 1.5h. c.) statistical frequency ratio precision AR /R as a function of
averaged measurements. One frequency ratio measurement takes about 260s.

H Campaign Rexp ‘ 6 (R)stat ‘ 0 (R)sys H

2018-1-SB | 1.001089218748 | 27-10"12 [ 26-10~12
2018-2-SB | 1.001089218727 | 47-10"12 | 49.10~12
2018-3-PK | 1.001089218748 | 19-107!2 | 14.10~!2
2019-1-SB | 1.001089218781 | 19-10~12 | 23.10~!2

Table 1. Results of the four antiproton-to-H™ measurement campaigns. The second column displays the measured result, the
last two coulmns indicate the statistical uncertainty and the systematic uncertainty of the measurement.

uncertainty of the different measurement campaigns as a function of averaging time. Between the 2018 sideband runs (red)
and the 2019 sideband run (green) the experiment stability was improved by rebuilding the cryogenic support structure of
the experiment. The peak method (blue), also performed with the rebuilt instrument, has an intrinsically lower frequency-
determination-scatter than the sideband technique.

The dominant systematic uncertainty of the sideband campaign arises from a weak scaling of the measured axial frequency
v, as a function of its detuning Av, with respect to the resonance frequency Vg of the detection resonator. With A, = v, — vg
we determine the function v,(A;) based on differential measurements, and extrapolate the result to v, (A, = 0). The leading
systematic uncertainty of the peak measurement campaign is due to resolution limits in the determination of the axial
temperature of the particles ;5 and T, -, respectively. Together with the residual magnetic-bottle inhomogeneity By of the
trap, a temperature difference AT; = T; 5 — T, i3~ would impose a systematic frequency ratio shift of AR/R = —70.02p.p.t./K
and AR/R = —23.44p.p.t./K, for the 2018 sideband runs and the 2018/2019 peak and sideband runs, respectively. For all
individual measurement campaigns we determine AT, using different methods, and correct the measured result accordingly,
details are described in the supplementary material. Using a weighted combination of the individual measurement campaigns
and accounting for correlations in the systematic uncertainties, we extract an antiproton-to-proton charge-to-mass ratio of

Ry pexp = —1.000000000003 (16). 3)

The result has an experimental uncertainty of 16p.p.t. (C.L. 0.68), supporting CPT invariance. It improves our previous
measurement® by a factor of 4.3 and upon earlier results> by a factor of 5.6.

In an illustrative model, that can however not be trivially incorporated into relativistic quantum field theory>®, Hughes and
Holzscheiter have shown!! that if there was a scalar- or tensor-like gravitational coupling to the energy of antimatter that
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violates the WEP..°, there will be, at the same height in a gravitational field, a frequency difference

Vep—Vep _ 3P
Ve,avg c?

(ag —1) “

between a proton cyclotron-clock at v, , and its CPT conjugate antiproton clock at v, 5. Here o, — 1 is a parameter characterizing
the strength of the potential WEP, violation and & the gravitational potential. Together with the gravitational potential of the
local supergalactic cluster (®&/c? = (G M)/(rc?) = 2.99-1073)*738 the measurement reported here constrains those WEP,
violating gravitational anomalies to a level of |a, — 1| < 1.8- 10~7, improving the previous best limits by about a factor of
4. This approach has been discussed controversially®”, since the imposed clock shift depends on the absolute value of the
gravitational potential, and a WEP-violating force might have a finite range which would modify the chosen potential. This
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Figure 3. Trajectory of the earth on its orbit around the sun. a.) Variation of the gravitational potential in the BASE laboratory
sourced by the elliptical orbit of the earth around the sun. The yellow scatter points represent the data-taking windows. b.)
Scaled orbit, the blue shaded areas indicate the trajectorial fraction covered by the measurement reported here.

inspires the following analysis: We use the amplitude d®s of the change of the mean gravitational potential ®g ,y, at the
location of our experiment, which is sourced by the earth’s elliptic orbit O() = D,, - (1 — €?) /(1 + € cos((27 /t5a)t)) - with
eccentricity € = 0.017 and time of the sidereal year #q - around the sun. The eccentricity € leads to a fractional peak-to-peak
variation of 2d®g /s 4y, ~ 0.03, as shown in Fig.3. In case of WEP violation, this would induce a cyclotron frequency ratio
variation

AR(t) 3GMgn, (1 1
T = 0 (55 ) ©

where My, is the mass of the sun and G the gravitational constant. As shown in Fig. 3, our data set is distributed such that we
cover about 80 % of the total available peak-to-peak variation of ®g. We project our measured frequency ratios to one sidereal
year, and look for oscillations of the measured frequency ratio, following the approach described in*’. From this analysis we
derive the differential constraint |a, p — 1| < 0.030 (C.L. 0.68), setting limits similar to the initial goals of model-independent
experiments testing the weak equivalence principle WEP;; by dropping antihydrogen in the gravitational field of the earth*! =3
At the currently quoted uncertainty of 16p.p.t., and given that our result is consistent with CPT invariance, this measurement
also provides a 4-fold improved limit on the coefficient 7 of the minimal SME***3, becoming r#~ < 2.09-10727 (C.L. 0.68).
Very recently an additional non-minimal extension of the SME with up to mass dimension six was applied to Penning-trap
experiments comparing particle/antiparticle charge-to-mass ratios!’. Based on the result presented here, we derive for the
charge-to-mass ratio figure of merit defined in'”

80P — Ry pexpOOF —2R5pexpd@¢ | < 1.96-107% GeV, (©6)
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where the cyclotron frequency differences d®! depend on coefficients b, and &,, that characterize the strengths of CPT
violating background fields, coupling to the involved particles P, p, and e~. In addition to 7/, our measurement enables
us to refine constraints on 9 ¢, coefficients of the SME. A time dependent higher harmonic analysis to constrain additional
coefficients will be subject of future studies.

In conclusion, we have reported on a 4-fold improved measurement of the antiproton-to-proton charge-to-mass ratio with a
fractional precision of 16p.p.t. Our cyclotron frequency comparisons test the SM with an energy resolution of ~ 2 x 1072’ GeV
and improve constraints on CPT violating extensions by a factor of ~ 4. Our work enabled us to perform the first differential
frequency ratio study with baryonic antimatter to test the WEP,. from which we constrain any anomalous gravitational
behaviour of antiprotons to |, p — 1| < 0.03. In future measurements, we anticipate to reach even higher sensitivity by
improving magnetic field stability and homogeneity, and by the development of transportable antiproton traps, to move precision
antiproton experiments from the fluctuating accelerator environment to calm laboratory space, as anticipated by BASE-STEP.

Methods

Theoretical Antiproton-to-H™ ¢g/m ratio

To suppress systematic frequency shifts®, the measurement presented in the manuscript compares the antiproton to the negatively
charged hydrogen (hydride)-ion H™. The use of H™ as a proxy for the proton was first applied in?>. The H™ mass is related to
that of the proton by

2
mH—:mI,(l—FZ—Be—Ae—FOCH—B>, @)
p Mp My mp

where m,/m,, is the electron-to-proton mass ratio, B, /my,, is the binding energy of the electron in hydrogen, and A,/m,, is the
affinity energy of the second electron in the electron singlet, both in equivalent proton mass units. The term o4y B”/ mp is
caused by a dynamical frequency shift*®, related to the electrical polarizability oy- of the H™ ion.

The leading contribution in Eq. 1 is due to the two additional electrons bound to the H™ ion, and translates to the dominant
correction

27— 0.001089234042 99(2), ®)
mp
its uncertainty being about a factor of 1000 below the statistical uncertainty reached in the reported measurement. Here we use
the weighted mean of the electron-to-proton mass ratio from Penning trap measurements’®47, and HD* spectroscopy*®+°.
For the binding energy of the electron in hydrogen B, /m,, we rely on the most recent updates of the NIST atomic spectra
database®. This value is derived from precision hydrogen spectroscopy results’' and bound state QED calculations®” that
contribute to the mass of the hydrogen ion
B
—— = —-0.000000014493 06, C))
mp
with uncertainty <1078,
The best value for the electron affinity energy relies on Doppler-free threshold photodetachment spectroscopy using counter-
propagating laser beams performed by Lykke and Lineberger™. They derive an affinity energy of A, = —0.754195(19)eV that
contributes
Ae

= —0.00000000080381(2). (10)
P

The Penning-trap-specific dynamical polarizability shift*®

Av, B?

= -0y —. 11
Ve Hm, (i

amounts with the dipole polarizability o ~ 0.3400(8) - 10738 Cm?/V>* of the H™ ion and the BASE magnetic field of
Bo = 1.9448T, to

BZ
o4- — =7.689(18) p.p.t. (12)
mp
Taking all the corrections into account, the theoretical proton-to-H™ cyclotron frequency ratio is given as

Ry theo = 1.00108921875380(3) . (13)
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Sideband Method and Limits

Sideband measurement methods>° rely on the determination of the modified cyclotron frequency v, that are entirely based
on thermal equilibrium measurements. We first record a single particle dip spectrum (56s) and obtain the axial frequency v,
by performing a least squares fit to the recorded spectrum. Afterwards, a radio-frequency drive at the sideband frequency
Vit & V4 — V; (sideband drive) is applied, while simultaneously the noise transient of the axial detector’s output is recorded
(645s) and an FFT is performed on those data. This results in a double dip spectrum, from which the frequencies v; and v, are
extracted, also based on least squares fitting. Based on these frequency measurements, the modified cyclotron frequency is
determined by

Vi =Vig+Vi+V,—V,. (14)

Together with the measurement of the axial frequency V., the magnetron frequency is derived as v_ ~ v2/(2v,)**. Application
of the invariance theorem?*

Ve = y/VI4vi+v? 15)

yields the free cyclotron frequency V..
The cyclotron frequency ratio scatter in sideband measurements is determined by the axial frequency fluctuation o (v;) of the fit
of the dip-lineshape to the recorded spectrum, which is

_0.443(18)
V/lTavg

Given this stability, the resulting frequency ratio scatter, assuming constant magnetic field, is expected to be

2
Av,sg SNR
R 5242 S ) 17
o o (\/ Av. SNR_sp ) ()

= 1.67(12)p.p.b. (18)

o(v.) +3.7(5.2) - 10 %1, (Hz). (16)

Q

where E, is the background fluctuation of the axial frequency, Av, and Av, sp are the widths of the single dip and the double
dip, and SNR; and SNR_ sp their signal-to-noise ratios, respectively. In the approximation we neglect common mode noise by
the power supply which is at a level of ~ 14 mHz for the frequency averaging times considered here.

Peak Method and Limits

In the peak method, a modified version of the technique described in>>, we determine the modified cyclotron frequency V1o
by direct observation of an excited single trapped particle, using the dedicated cyclotron image current detection system. To
perform a single modified cyclotron frequency measurement we execute the following sequence:

1. We tune the axial resonator to resonance with the axial frequency of the particle of interest.

2. We cool the modified cyclotron mode v by applying a sideband drive®® at v, — v,. This drive is typically applied for a
few seconds and defines the initial thermal energy spread Ey, of the particle.

3. We measure the axial frequency V, .t of the particle in thermal equilibrium with the detection system, this reference axial
frequency measurement typically takes 42s.

4. We excite the particle’s modified cyclotron mode using a bursted resonant drive at v,. The drive is chosen such that
the particle is typically excited to a mode energy of Ey =4.5eV to E; = 5.5¢eV, corresponding to a particle radius of
150 um to 200 um, which produces on the FFT of the recorded time transient a peak-signal with a signal-to-noise ratio
of typically 17.5(2.5)dB (& 7.5 in linear units) and a full width at half maximum of 27.5(3.5 )mHz. For the excitation,
the amplitude and burst parameters are chosen such that the excitation drive typically interacts with the particle for about
700 us.

5. Afterwards the actual frequency measurement takes place, which simultaneously records the modified cyclotron frequency

V4 exc(E+) and the axial frequency of the excited particle v, exc(E+) for about fexp = 66s. Note that the measurement-to-
cooling-time ratio is fexp /74 ~ 0.15.
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From measurements 5. and 3. we obtain v exc(E4), Vzexc(E+) and v, rer(E = Ew ), respectively. Assuming that frequency
shifts are linear in £, we obtain

T
V4 exc = V40,exp (1 + (x+E+l‘i (l — €Xp (_texp/7+))> , (19)
exp
and
T
Vzexc = Vz,0,exp (1 + azE—O—ti (1 —exp (_texp/T-&-))) s (20)
exp

where o and o, are trap specific coefficients. This measurement concept enables us to solve

T Vzexe — Vz,0,exp
E— (l_eXp(_teXp/T+)) =0, Q21
texp V2 ref
and to rewrite
oy Vz,exc - Vz,ref
Vi 0.exp = V+exc (1 - |> (22)
Q; Vz,ref

which allows us to extract the frequency of interest V. g exp.
To dominant order and for the trap which is used in the experiment, the coefficients o and o, are defined by residual magnetic
inhomogeneity, relativistic effects and trap anharmonicities. The cyclotron coefficient reads

0 — 1
T m
1 B \? (¥ 2 /B,
4m2mv2 \ \ By vy By
31 (v.\*/C
(=) (4 (23)
4 qV() Vi C2
where the first term is the relativistic shift. The terms in the second row of the equation are sourced by magnetic field
inhomogeneities. The first arises from the force F = — . (dB/dz) which counteracts the trapping potential and shifts the

particle along the trap axis, here . is the angular magnetic moment associated with the trajectory of the modified cyclotron
motion, the B; term is purely geometric. The term in the third row arises from the octupolar contribution Cy4 of the electrostatic
trapping potential which modifies, compared to a purely quadrupolar potential VoC»(z?> — p?/2), the strength of the radially
pulling electrostatic force.
The axial coefficient reads

1
2mc?
1 B
4m>mv2 By

2
S () (<), o
249V \ vy c3

the first term is relativistic. Similar to the continuous Stern-Gerlach Effect, the source of the second term is the interaction of
with the residual magnetic bottle B; of the trap. The third term arises from the octupolar component of the trapping potential
which modifies the potential curvature experienced by the axial oscillator. The coefficient ¢, is dominated by the relativistic
shift Av, /v, ~ —1p.p.b./eV-E,. The contributions of the magnetic bottle and the magnetic gradient term are suppressed by
a factor of ~ 8.4 and ~ 280, respectively. The coefficient ¢, is mainly defined by the magnetic bottle term B;, compared to
this dominant effect the relativistic shift is suppressed by a factor of =~ 490. During the experiment campaign we measure
the coefficient B, once in 4.5h. The coefficient B; leads to a marginal frequency shift and is therefore only determined at the
beginning and the end of a measurement campaign.
The coefficient Cy is a trap tuning coefficient which depends on the "tuning ratio" TR = Vg /Vo, where V(g is the voltage
applied to the correction electrodes and Vj the voltage applied to the central ring electrode of the trap. The Cy coefficient
contributes an axial frequency shift of Av, = 367.21 mHz/(mUnit-eV)-ATR - E. and a modified cyclotron frequency shift of
Av, =3.97mHz/(mUnit-eV)-ATR - E, . Here, ATR is the shift from the optimum tuning ratio defined by C4(TR) = 0 and the

o, =
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practically applied experimental tuning ratio. We regularly optimize the TR, given the properties of our power-supplies, ATR
can be optimized to a level of 6- 10~ and is stable within this level for months. The resulting residual uncertainty in C4 leads to
uncertainties in the axial and the modified cyclotron frequency shift of Av, = 2.20mHz/eV-E, and Av, =23.82 uHz/eV-E,
respectively.

To test the experimental principle, we measure the cyclotron frequency as a function of the axial frequency for different
excitation energies E, results are shown in Fig.4. We measure frequency differences Vi ref — Vi exc and V; ref — Vzexc as a
function of particle excitation energy, as shown in the upper graph. Using the measured B, coefficient, in the lower plot the
axial frequency difference is scaled to excitation energy. Within an excitation energy-span of about 12eV we observe a clear
linear scaling, the experiment is operated at a median energy of 5.03 eV, indicated by the green lines. The impact of residual
nonlinear contributions and uncertainties A} and A, in the coefficients o, and ¢, are discussed in the supplementary material
and below.

The observed median frequency ratio scatter of the peak measurement campaign is 6(R) = 850p.p.t., limited by the current
stability of the superconducting magnet. The principal resolution limit of the method is constituted by an interplay of energy
determination- and cyclotron frequency determination scatter. For our detector parameters, excitation energies, and the
chosen averaging times, the principal limit is at o(R) ~ 380p.p.t. while the best scatter observed in the experiment was at
6(R) ~ 500p.p.t., the discrepancy contributed by magnetic field fluctuations.

Sideband Method: Dip-Line-shape
The recorded axial frequency dip spectra are fitted by the parallel tuned circuit lineshape model described in>>

R (V2 v2)2
x(v)= Sl Yy) , 5)

(V2=V2)2+ (55 (V2= v2) (V2 = Vi) +Av,v)?

where R, = 2mvgQL is the resonant effective parallel resistance of the detector, Q and Vg the quality factor and resonance
frequency of the detector, respectively, and L the inductance of the detection toroid. The particle/detector interaction damps
the particle’s motion and induces a dip line width Av, = 1/(277), T = (m/R,)(Defr/q)* being the resistive damping time
constant and Degr = 10.02 mm the trap specific pickup length. In the experiment we measure the thermal noise power of the
axial detector’s output which we parameterize as

S=F(v) (10-log (4kgTox (V) K>+ e (v)?) - G(v))
+F(V) <2Ak(\/ — VR)k> ,
k

where k2® defines the amplifier-to-resonator coupling, e, (V) is the equivalent input noise of the low-noise amplifier connected
to the detection resonator, G(V) is the gain function of the detector, A; are phenomenological shape coefficients and F (V)
describes the input characteristic of the FFT-analyzer. Practically, we record in each measurement a broadband FFT spectrum of
the resonator (400Hz) as well as a narrow-band spectrum (50Hz). We fit the undisturbed lineshape to the measured narrow-band
spectra, use the broadband spectra to determine deviations from the ideal lineshape-model, and perform, given the characterized
deviations, perturbation theory on frequency shifts imposed by hidden effects consistent with the power of the fit residuals. Our
analysis includes the determination of resonator shape coefficients and effects arising from FFT distortions, summarized in
Tab. 4. Effects related to 1/f-amplifier noise and frequency scaling of amplifier gain and FFT input characteristics contribute
< 0.01p.p.t. and are not listed explicitly.

Sideband Method - Spectrum Shift

For all measurement campaigns we observe a linear scaling of the measured axial frequency v, as a function of the position
of v, with respect to the resonance frequency Vg of the detection resonator. While this shift is negligibly small when using
the peak technique, it is of dominant concern in sideband measurements, since any shift in the measured axial frequency
translates directly into a shift of the obtained modified cyclotron frequency. To quantify this effect we compare interleaved
antiproton/antiproton, H™/H™, and antiproton/H™ axial frequency measurements and evaluate V; j det/Vz,j = /R H- theo 85
a function of the fractional resonator/resonator frequency ratio Vg j et/ Vr,j — v/Rp 1~ teo- An example of such a measured
scaling is shown in Fig.5, where antiproton and H™ frequencies are compared. To study how this effect affects the left
and right frequency components of a double dip measurement, we investigate the scaling of the quantity v; + v, — v, as a
function of v, — Vg and determine the linear slope m of the resulting data using weighted linear fits. Throughout the experiment
sequence and imposed by slow drifts of the resonator frequency and trapping voltages, integrated residual shifts v, 5 — Vg 5 and

V. u- — Vgu- accumulate, which impose a potential systematic shift to the determined cyclotron frequency ratios. We correct
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for each data sub-set the median frequency difference accumulated over the respective sequence by the slope m, which projects
the frequency ratio to (V;p — Vrp) — (V. g~ — Vgg-) = 0. Table 2 summarizes all the corrections applied to the available
sub-datasets, for all measurements the corrections are within the resolution consistent with zero and shift the result by less than
30 % of the total uncertainty quoted for the respective measurement. Given the available statistical resolution of the frequency
scaling as a function of detuning v, — Vg, this line-shape correction contributes the dominant systematic uncertainty of the

sideband campaigns. For the peak measurements the related systematic shift is suppressed by (v, /v).

Voltage Drifts
During the measurement, the particles are transported from the upstream and the downstream park electrodes into the
measurement trap. Different relaxation times of the different voltage supply channels, as well as different time constants
of the filter electrodes can therefore lead to systematic axial frequency shifts, which is of concern for the sideband method
measurements. To characterize these shifts we measure axial frequencies of particles transported from the upstream and
downstream electrodes into the measurement trap. We obtain the drift offset as

1

Ap= =

) (Au,d + Ad,u) (26)

Z
and H™ from downstream, while Ay, = vV, - , — V, .« is the frequency for interchanged particles. We combine these results

with explicit identical particle measurements and obtain Av, p = 0.149(152) mHz, within the resolution of the measurement
consistent with 0. During the first axial frequency measurement after particle transport the downstream particle appears to have
an axial frequency which is slightly shifted upwards compared to the particle in the upstream electrode. We consider this shift
for the individual particle/electrode configurations of the sideband measurement campaigns, in the peak campaign the effect is
suppressed by v,/ V. and therefore negligibly small. Magnetic field shifts imposed by this residual drift can be constrained to
the sub 0.1 p.p.t.-level.

where A, 4 = V; 5.4 — V, - 4 s the axial frequency difference with the antiproton transported into the trap from the upstream side

Peak Method - First Order Coefficient Shifts

In this section we study systematic frequency ratio shifts that are imposed by the experimental uncertainties and shifts A}
and A, in the experimental coefficients o and @, by cyclotron resonator cooling-time constant differences 7, 5 # 7, y-,
and differences in the excitation energies E; 5 # E . The fractional frequency shift Av, /v, between the experimentally
determined cyclotron frequency V. g exp and the real cyclotron frequency v, g is given as

Av a
ke <A i Az)
Vi o,
IRy (O 2 E @27)
2 T_;,_’f, 6 T+1}3 +
Incorrectly assigned coefficients oy, = 0 + A, lead to systematic frequency ratio shifts, especially significant, once the

particles are excited to different energies E 5 and E, -, respectively. In this case, the resulting first-order frequency ratio
shift reads

AR

oy
R <A+ _ %AZ) (Evp—Eop ). (28)

differences Aty in the cooling time constants 7, 5 and T, y- are suppressed as (1 avg)/(27+)(A+ /74 ). To characterize
frequency ratio shifts imposed by Ay, we measure the cyclotron frequency ratio at deliberately different particle energies
Eyp and E| y-. Subsequently we evaluate R as a function of o (Bk,Cy) and o (By,Cy) - By and Cy characterizing trap
anharmonicities - and determine the slopes dR/dBy. and dR/dCy, an example result is shown in Fig. 6. The upper graph displays
the derivative of the frequency ratio shift AR with respect to a shift of the dominant correction coefficient AB5, as a function of
particle energy difference £, 5 — E y-. The lower plot shows a histogram of the particle energy differences Ey 5 — E., - of
the considered peak-ratio data-set. The determined slope d(AR/AB>)/d(AE.) = 11.77(10)p.p.t.-m?/mT, the uncertainty on
energy similarity 6(E; 5 — E, y-) = 0.009(26) eV, and the uncertainty of the experimental coefficients a;. and o, lead to a
shift of the measured frequency ratio of AR = 0.16(40) p.p.t., which needs to be corrected.

Dominant Systematic Trap Shift

The dominant trap related systematic frequency shift arises from an interplay of the weakly bound axial oscillator with the
residual magnetic bottle B, of the trap. In the residual B, inhomogeneity the axial oscillator, which is in contact with the
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axial thermal reservoir, averages as a function of axial energy over a mean magnetic field. This induces a fractional cyclotron
frequency shift

AV+ 1 32

— = ——— —kpT, 29

vi  4mmv2B, 0 ° 29
where kg is the Boltzmann constant and 7, the temperature of the axial resonator. With the parameters of our experiment
this induces a fractional frequency shift of 262.24 p.p.t. m?/(T-K)-B, T, for the 2018 sideband-run with By = —0.267(2) T/m?
and the 2018 peak- and 2019 sideband-runs with B, = —0.0894(6) T/m? the imposed shifts are —70.02p.p.t./K-T, and
—23.44p.p.t./K-T;, respectively.
In addition, in both applied measurement sequences the particles are sideband-cooled by coupling v, to the axial resonator.
This induces a relativistic shift of the measured cyclotron frequency ratio
1 vy

v —
AR~ —SP — = AT, (30)

Vog- mc? v,

which is at a level of AR = 4.25p.p.t./K-AT..

Any axial temperature difference AT, between the antiproton and the H™ ion would therefore induce considerable systematic
frequency ratio shifts, which requires careful axial temperature comparisons of the particles.

To determine the axial temperature 77, we use a combination of axial frequency measurements, sideband-cooling drives,
and resonant excitation of the modified cyclotron mode. First we couple the modified cyclotron mode to the axial detector
by applying a sideband drive®® at v, — v., this imprints the temperature of the axial mode 7, to that of the cyclotron mode
T, = (v4/v,)-T,**, resulting in an initial thermal cyclotron radius

[2kpT; v
= - 31
p+.th ma)i Vz ( )

Subsequently we measure the axial frequency v, o of the sideband-cooled particle and excite in a next step the modified
cyclotron mode v, with a resonant drive that interacts with the particle for about zex. = 700 us. Projected to one dimension,
this results in a particle radius

Pexe = (m,m cos(o) + jzm t) , (32)
where ¢y is the particle’s initial phase before the excitation and A the electrical field amplitude of the applied drive. The
initial orbit radius p ¢ adds incoherently to P ¢xc, and its contribution to the radius after excitation is invariant. After the
excitation of the particle we measure V,¢xc again and evaluate Av, = v, g — V, exc. By repeatedly applying this sequence we
obtain the standard deviation 6(Av;). Since Av, < E, dominantly determined by the fractional magnitude of the magnetic
bottle strength B, /By>’, the determination of & (Av;) is a direct measure of the cyclotron energy scatter

G(AV.) = /28, + O ()2, (33)

where Epack = 26.2mHz is the background scatter of the axial frequency measurements. By calculating the standard deviation

of y/(E%) — (E4)2, convolving p,exc with the initial radial thermal Rayleigh distribution after sideband-cooling, we obtain

1 Ey

0(E+) = /2EnEexc (1 +7 E‘) : (34)
+

where Ey, = kg(v4/Vv;)T;. The peak-technique thus continuously samples the axial temperature 7, naturally implemented in

the measurement campaign. Within N measurements an axial temperature uncertainty of

2 2
4mmv. v.\ (Bo\~ o(AV?
o(T;) = M (Z) <0> M (35)
V2N -2 Vi B, kgE
is obtained, we typically reach a 2.5K uncertainty within 50 samples. We verify this model by measuring o (E) as a function
of the axial resonator temperature 7}, applying active feedback>® and by studying (E. ) as a function of particle excitation
energy. In addition, we measure the cyclotron frequency ratio of identical particles as a function of axial temperature and use as

an additional consistency indicator the measured signal level difference dS o 10log((Tyy- - Q- -V, u-)/(T5 - Qp - Vz5))- The
determined axial temperatures, temperature differences and related frequency shifts are summarized in Tab.3
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Pulling Shift

In the peak method, the modified cyclotron frequency of the trapped particle is determined by exciting the modified cyclotron
motion of the particle and subsequently measuring the frequency at which it deposits this excess energy into the cyclotron
detector. However, the frequency at which the particle is performing this damped oscillation is not purely determined by the
Penning trap, but is also modified by the coupling to the detector, which imposes a dynamical image charge shift on the particle.
The resonance frequencies of this coupled system can be derived from the poles of the lineshape model in (25). When the
ion damping is relatively small, as in case of the cyclotron detector, the resonance frequency of the damped particle can be
approximated by

1 1 AVg(Vi0—VR)

= — . 36
T VRO G e (Vi — ve)? + (Avie/2) 0

For v, o — vg < 0 the measured cyclotron frequency is pulled downwards and opposite for v o — Vg > 0. In the peak campaign
we adjust vg = % (vﬂ—, +v +7H,), With vi 5 — v, y- =~ 32kHz the measured frequency ratio Reyp is shifted upwards by
AR/R =2.86(24)p.p.t.

Summary of Frequency Shifts

In this methods paragraph the dominant systematic frequency-ratio shifts were discussed, some additional suppressed frequency-
ratio shifts are discussed in the supplementary material. All considered frequency shifts are summarized in Tab.4 which is
displayed in the extended data figures.

Standard Model Extension Coefficients

The measurement of the antiproton-to-H™ charge-to-mass ratio with a fractional precision of 16p.p.t. enables us to provide
improved constraints on coefficients of the standard-model extension (SME)*. A comprehensive manuscript discusses the
impact of such measurements to searches for exotic physics, and gives a clear description on the derivation of CPT violating
effects that couple to antiproton-to-H ™ charge-to-mass ratio comparisons'®. From our experiment we derive the charge-to-mass
ratio figure of merit

18P — Ry pexpOOF —2R;5pexpd@¢ | < 1.96-107* GeV, (37)

Sw,)’
qOB . . . . .

fields, coupling to particles w, the antiproton p, the proton p, and the electron e~. By performing the transformation of the

coefficients to the standard sun-centered frame*, following the theoretical outline given in'® our measurement enables us to set

improved limits on the coefficients summarized in Tab. 5.

where is a function of coefficients b,, and ¢, that describe the strengths of feebly interacting CPT-violating background
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Extended Figures and Tables
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Figure 4. Upper: Measured cyclotron frequency shift as a function of the measured axial frequency shift. Lower: Measured
cyclotron frequency shift as a function of partcile energy E .
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Figure 5. Upper: measured axial frequency ratio as a function of the frequency ratio of the axial detection resonators. We
observe a weak linear scaling of the measured axial frequency ratio as a function of the detuning of the axial frequency with
respect to the resonator center. Green line: weighted linear fit, red and blue functions represent C.L.0.68 and C.L.0.95 error

H Campaign Correction | Uncertainty H
2018-1-SB | —0.37 p.p.t. | 20.65p.p.t.
2018-2-SB | —16.89 p.p.t. | 46.49p.p.t.
2018-3-PK | —0.74 p.p.t. | 0.61 p.p.t.
2019-1-SB 8.61 p.p.t. 21.45p.p.t.

Table 2. Summary of lineshape-corrections applied to the different data sets
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Figure 6. Upper: Sensitivity of the frequency ratio R as a function of the coefficient B, for different particle energy
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differences E , — E u, expressed as AR/AB,(AE. ) Lower: Measured particle energy differences E, , — E y throughout the
peak run. The green vertical lines indicate the mean difference and the uncertainty, the vertical green lines define the frequency
ratio shift and its uncertainty caused by the uncertainties in energy similarity and B,.

H Run

\ T,n (K) \ T, (K) \ AT, (K) ‘Bz—shift (p.p-t) \ rel. shift (p.p.t.) H

18-1-SB
18-2-SB
18-3-PK
19-1-SB

6.27(14)
6.16(14)
11.31(40)
5.57(16)

5.98(15)
6.04(15)
10.85(35)
5.41(15)

0.2921)
0.12(21)
0.46(56)
0.16(22)

20.27(14.86)
8.38(14.86)

10.79(12.66)
3.75(5.16)

1.20(92)
0.47(90)
1.90(2.32)
0.65(94)

Table 3. Summary of measured axial temperatures, axial temperature differences and ratio corrections of the different

measurement campaigns.
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H Effect ‘ 2018-1-SB ‘ 2018-2-SB ‘ 2018-3-PK ‘ 2019-1-SB H
B -shift 0.03(2) 0.01(2) <(0.01) < (0.01)
B-shift 20.27(14.86) | 8.38(14.86) | 10.79(12.66) | 3.75(5.16)
Cy-shift (1.12) (1.13) (1.54) (0.76)
Ce-shift < (0.01) < (0.01) < (0.01) < (0.01)
Relativistic 1.20(92) 0.47(90) 1.90(2.32) 0.65(94)
Image charge shift 0.05(0) 0.05(0) 0.05(0) 0.05(0)
Trap misalignment 0.06(0) 0.06(0) 0.05(0) 0.05(0)
Voltage Drifts ~335(5.12) | —3.77(5.12) | —0.11(11) | —5.03(5.12)
Spectrum Shift 0.37(20.65) | 16.89(46.49) | 0.74(61) | —8.61(21.45)
FFT-Distortions (1.57) (3.43) (0.03) (1.23)
Resonator-Shape 0.02(3) 0.02(2) < (0.01) 0.01(2)

By -drift offset <(0.11) <(0.11) < (0.04) < (0.04)
Resonator Tuning < (0.16) < (0.16) < (0.06) < (0.06)
Averaging Time - - —2.87(25) -

FET Clock - - (3.69) -
Pulling Shift - - 2.86(24) -
Linear Coefficient Shift - - 0.16(40) -
Nonlinear Shift — — 0.03(2) —
Systematic Shift 18.65(26.04) | 22.11(49.22) | 13.60(13.50) | —9.13(22.71)
Rexp — Rinco 13.02(27.12) | —5.04(46.57) | 7.99(18.57) | 18.34(18.89)
Rexpee — Rineo —5.63(37.60) | —27.15(67.76) | —5.61(22.66) | 27.47(29.54)

Table 4. Summary of systematic shifts and uncertainties for the sideband (SB) and peak (PK) campaigns. The peak
measurement method suppresses the dominant systematic contribution of the SB method by a factor of v, /v.. Table entries are
in p.p.t. units.

H Coefficient ‘ Previous Limit | Improved Limit ‘ Factor ‘

|eXX] <323-107™ [ <7.79-10°F | 4.14
|erY| <3.23-107% | <7.79-1075 | 4.14
%2 <2.14-107% | <496-1071 | 431
XX EX] ] <1.19-107° [ <2.86-10° 11 [ 4.14
eyl ey | <1.19-10710 | <2.86-107! | 4.14
|E%Z|, & ) | <7.85-1071 | <1.82-1071 | 431

Table 5. Constraints on coefficients of the standard model extension. The second column describes the previous best limit
based on? and®, theorized and summarized in'®. The third column gives the improved limit based on the measurement
presented here, the fourth column shows the ratio of the fourth and the third column. All entries are based on C.L.0.68.
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