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Abstract.

The BASE collaboration at the antiproton decelerator/ELENA facility of CERN compares the fundamen-
tal properties of protons and antiprotons with ultra-high precision. Using advanced Penning trap systems,
we have measured the proton and antiproton magnetic moments with fractional uncertainties of 300 parts
in a trillion (p.p.t.) and 1.5 parts in a billion (p.p.b.), respectively. The combined measurements improve
the resolution of the previous best test in that sector by more than a factor of 3000. Very recently, we
have compared the antiproton/proton charge-to-mass ratios with a fractional precision of 16 p.p.t., which
improved the previous best measurement by a factor of 4.3. These results allowed us also to perform a dif-
ferential matter/antimatter clock comparison test to limits better than 3 %. Our measurements enable us to
set limits on 22 coefficients of CPT- and Lorentz-violating standard model extensions (SME) and to search
for potentially asymmetric interactions between antimatter and dark matter. In this article, we review
some of the recent achievements and outline recent progress towards a planned improved measurement of

the antiproton magnetic moment with an at least tenfold improved fractional accuracy.

1 Introduction

The fundamental charge, parity, time reversal (CPT)
invariance [1], which is a combined discrete symmetry
transformation, is deeply implemented into the rela-
tivistic quantum field theories of the standard model
of particle physics. In fact, within the currently avail-
able experimental tests of the fundamental interactions,
CPT invariance is the only combination of discrete
symmetry that is observed as an exact symmetry of
nature. Efforts to place quantum field theory on rig-
orous mathematical grounds [2] have shown that CPT
symmetry itself requires only very few general assump-
tions [3] and has therefore a truly fundamental char-
acter. Any local (1), Lorentz and translation covari-
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ant field theory (2) that is represented by a reason-
ably smooth field operator implementation (3), and
which has a stable vacuum ground state (4) with-
out momentum and angular momentum (5), conserves
CPT symmetry. The CPT operation contains charge
conjugation and defines that particle/antiparticle con-
jugates have identical masses and lifetimes, as well
as the same charges and magnetic moments, the lat-
ter two with opposite sign. Another consequence of
CPT invariance is that conjugate matter and antimat-
ter bound states have exactly the same energy spec-
trum [3]. Any detected difference in the fundamen-
tal properties of matter/antimatter conjugates would
challenge the requirements (1) to (5) and would indi-
cate new physics, which inspires experiments that com-
pare the fundamental properties of matter/antimatter
conjugates with great precision. For example, electron
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and positron magnetic moments were compared with
a fractional accuracy on the level of ~ 4 - 10712 [4],
the 1S/2S transitions of hydrogen and antihydrogen
were compared with a fractional resolution of 2 - 10712
[5,6], or the masses of neutral Kaons were investigated
with a fractional accuracy of < 107! [7]. In addition
to these direct efforts, several model-dependent tests of
Lorentz and CPT symmetry [8] have been carried out,
for example, by searching for oscillatory structures in
co-magnetometer data [9-11], MASER Zeeman transi-
tions [12], and many different other branches of physics
8]

Inspired by the same motivation, our measurements
at the BASE experiment [13] at CERN, Geneva,
Switzerland, compare the fundamental properties of
protons and antiprotons with high precision. Up to now,
we have reached a fractional precision of 16 p.p.t. [14]
in antiproton/proton charge-to-mass ratio comparisons
[15], as well as fractional accuracies of 1.5p.p.b. [16],
and 300p.p.t. [17] for the magnetic moments of the
antiproton and the proton, respectively.

In this paper, we review some of the recent achieve-
ments of BASE, with particular focus on a recent differ-
ential comparison of matter/antimatter clocks [14] and
report on new technological improvements developed
to reach fractional uncertainties below 100 p.p.t. in the
future antiproton, proton, and H™ magnetic moment
measurements.

2 The BASE experiment

The heart of the BASE experiment is a cryogenic four-
Penning trap system, made out of gold-plated copper
electrodes, enclosed inside a superconducting magnet
operated at By = 1.945T. A single particle confined
in our trap oscillates with three independent eigenfre-
quencies, one along the magnetic field lines called the
axial frequency at v, ~ 640 kHz and two in the radial
direction, perpendicular with respect to the main axis
of the magnetic field—the magnetron mode oscillating
at v_ ~ 7 kHz and the modified cyclotron mode at
vy = 29.641 MHz. According to the invariance theo-
rem [18], the root of the squared sum of these frequen-
cies is equal to the cyclotron frequency v, of a particle

i+ vi+vE =v.=1/(2n) - q/m- By. All three fre-

quencies can be measured non-destructively, allowing
to reach high measurement stability and excellent data
sampling statistics. The axial frequency is measured by
picking up the femtoampere currents that are induced
in the trap electrodes by an oscillating trapped particle.
For signal pickup, superconducting toroidal resonators
connected to the trap electrodes are used [19]. Once
the particle is in thermal equilibrium with the ultra-
sensitive detector, the fast Fourier transform (FFT) sig-
nal of the amplified Johnson noise of the superconduct-
ing resonator shorted at a frequency equal to the axial
frequency of the particle is recorded, resulting in a char-
acteristic dip feature, as shown in blue in Fig. la. The
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Fig. 1 Two methods of measuring the modified cyclotron
frequency in the Penning trap a sideband method b peak
method. Figure taken and modified from [14]

frequencies of the radial modes can be measured using
the sideband method [20], in which classical Rabi oscil-
lations between the axial mode and the radial modes
are induced using quadrupolar radiofrequency drives
[21], at v4 — v, for the modified cyclotron mode and
at v, + v_ for the magnetron mode. The drive signals
modulate the amplitudes of the particle trajectories,
resulting in the two sideband dip signals shown in red
in Fig. 1a, from which the radial frequency can be cal-
culated. Additionally, the modified cyclotron frequency
can be measured using the peak method [14,15], in
which the image current from the excited mode is
picked up with a dedicated detector that is sensitive
at vy [22], resulting in the peak spectrum shown in 1b.

3 Proton-to-antiproton charge-to-mass
ratio comparison at 16 p.p.t. precision

In [14], BASE published a new measurement of the
antiproton-to-proton charge-to-mass (¢/m) ratio R p.
This measurement relies on the comparison of antipro-
ton and H™-ion cyclotron frequencies. By using the
negatively charged hydrogen ion H™ as a proxy for
the proton, as first applied in [15], the polarity of the
trap potentials is conserved, which greatly reduces sys-
tematic corrections and uncertainties. As a result, we
obtained for the antiproton-to-proton charge-to-mass
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ratio:

R Vep _ (g/m)p
PP Vep (Q/m)p

—1.000 000 000 003(16) (1)

which has an unprecedented precision of 16 p.p.t. [14].

In the related measurement campaign, between
December 2017 and May 2019, a total of about 24000
antiproton/H™-cyclotron frequency ratio measurements
were accumulated using both the sideband and the
peak cyclotron frequency measurement methods. In
the implemented measurement protocol [14], a single
charge-to-mass ratio comparison required ~ 240s of
measurement time, about 50 times faster than in pre-
vious antiproton/proton comparisons [15]. Our recent
data sampling campaign improved our previous mea-
surement [23] by a factor of 4.3 and allows to test the
standard model with an energy resolution of 2 x 1027
GeV, which improved limits on 10 coefficients of the
Standard Model extension that characterizes Lorentz-
and CPT-violating interactions [8,24].

The fourfold improvement was achieved due to many
technological improvements that were implemented into
the experiment, namely new cryostat-to-trap connec-
tions and decoupled mechanical support of the experi-
ment, homogenization of the magnetic field, the imple-
mentation of a superconducting multi-layer magnetic
shielding system [25], and the development of a new
highly sensitive tuneable axial detector, which elimi-
nated the main systematic uncertainty of the previous
experiment related to the need of re-adjusting the trap
voltage separately for the antiproton and the H™-ion.

4 First differential test of the clock weak
equivalence principle with protons and
antiprotons

One of the candidates to explain the matter—antimatter
imbalance that is observed on cosmological scales is
based on the possibility that the gravitational interac-
tion of antimatter is different than for matter [26]. This
hypothesis can be probed by testing the weak equiv-
alence principle (WEP) for antimatter [27]. Although
of outstanding interest, precise experimental tests that
compare the gravitational behaviour of matter and anti-
matter are scarce. A test of the WEP has been done for
neutral kaons [28], where time variations of the exper-
iment observables were investigated and correlated to
changes in astrophysical potentials. In addition, three
experiments at CERN—GBAR [29], AEgIS [30], and
ALPHA-g [31]—are currently being commissioned to
study the ballistic behaviour of antihydrogen in the
gravitational field of the Earth. These experiments test
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the force component of the gravitational interaction
tensor and the weak equivalence principle of the free
fall (WEP). In BASE, we contribute to this puzzle
by testing the weak equivalence principle by comparing
proton and antiproton clocks (WEP,..) in the gravita-
tional potential, while the Earth is orbiting around the
Sun—the measurement campaign described above pro-
vides data sampled over the course of one and a half
years.

The gravitational redshift of clocks links their oscil-
lation frequencies to the gravitational potential. In case
anomalous gravitational scalar or tensor interactions
exist for antimatter [32], in the presence of a gravi-
tational potential proton and antiproton clocks may
run at different frequencies [33], making the clock-
like antiproton/proton cyclotron frequency compar-
isons sensitive to the possible WEP,.. violations,

Vep — Ve, 3P
Yer —Yer 22 (o, 1) )

Ve

where v, 5 are the measured cyclotron frequencies of
the proton and the antiproton, oy — 1 is a parameter
characterizing the strength of the WEP. violation, and
& is the gravitational potential.

Directly using this interpretation together with the
value of the gravitational potential of the local super-
galactic cluster @/c? = (G M)/(rc?) = 2.99 x 107°
[34,35], our measurements constrain the WEP,.. violat-
ing parameter |o, ¢ — 1| < 1.8 x 1077, which improves
the previous limit by a factor of 4.3. However, this direct
comparison is model-dependent, as it requires certain
assumptions about the value of the gravitational poten-
tial, and does not consider contributions by dark energy.

After reaching a sampling rate of the cyclotron fre-
quencies of a proton and an antiproton of only 240s
per ratio determination, and a parts-per-billion shot-to-
shot stability of the experiment, we performed a model-
independent test of WEP.. based on the difference of
the gravitational potential resulting from the ellipti-
cal trajectory of the Earth around the Sun, see Fig. 2.
As indicated in yellow, we covered 80% of the peak-
to-peak variation in the gravitational potential, which
allowed us to constrain the WEP_. violating parame-
ter to |ay, p — 1| < 0.030 (60 % C.L.). This constitutes
the first model-independent confirmation of the univer-
sality of clocks (WEP,.) comparing matter—antimatter
conjugates, which is an experimental consequence of
local time invariance—an ingredient of the weak equiv-
alence principle (WEP). The presented result is at the
anticipated precision level of experiments that aim at
testing the WEP ;¢ [29-31]. The detailed interpretation
of the effective parameter o, p has to include the struc-
ture of the antiproton, as the valence antiquarks con-
stitute ~ 10 MeV /c? of the mass of the antiproton, as
described in, for example, [36,37].
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Fig. 2 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, in plot a for the fractional change of
the gravitational potential and in plot b for the Earth’s tra-
jectory around the Sun. Figure similar to [14]

5 Towards a 100 p.p.t.
antiproton/proton/hydrogen ion H™
magnetic moment measurement

The standing record regarding the precision of the mag-
netic moment measurement of the antiproton has a frac-
tional accuracy of 1.5 p.p.b. and was published in 2017
[16] by our collaboration. In parallel to the charge-to-
mass ratio measurement [14], we developed a consider-
ably upgraded experimental setup and improved mea-
surement methods, with the goal to reach a fractional
accuracy of < 100p.p.t. for antiproton, proton, and
hydrogen ion H™ magnetic moment measurements.
The g-factor of the antiproton, i.e. the magnetic
moment in units of the nuclear magnetron upy, can be
measured by evaluating the ratio of the Larmor fre-
quency vy, and the cyclotron frequency v, of a parti-
cle g5/2 = —pp/pun = v /ve. The cyclotron frequency
is measured by straightforward image-current detec-
tion [14], while for the measurement of the Larmor
frequency the continuous Stern—Gerlach effect [38] is
applied, which in ultra-strong magnetic inhomogene-
ity couples the magnetic moment of the particle to
its measurable axial oscillation frequency and allows
to achieve a single-particle quantum-transition spec-
troscopy. Due to the small absolute magnitude of the
proton/antiproton magnetic moments, the axial fre-
quency jumps created by spin transitions are challeng-
ing to resolve. To make them visible, we superimpose
on one of our traps a magnetic bottle with a strength of
265.7(3.1) kT /m?. This magnetic bottle does couple not
only the spin magnetic moment but also orbital mag-
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netic moments to the axial frequency v,, making the
experiment extremely sensitive to parasitic noise on the
trap electrodes, which causes heating of the cyclotron
mode and thus induces axial frequency fluctuations. We
have shown that the heating rate scales linearly as a
function of the temperature of the modified cyclotron
mode T} = E, /kp [39], the single spin-flip resolution
that is required in our multi-trap experiments is reached
at By /kp < 200mK. Therefore, a measurement of the
Larmor frequency requires a cold particle, while each
cyclotron frequency measurement thermalizes the par-
ticle to at least 320 K. As in the 2017 measurement
campaign the sub-thermal cooling [40] of an antiproton
to temperature Ty < 200 mK took on average about
15h, a novel two-particle technique was invented [16]
which greatly improves the data accumulation rate. In
this two-particle scheme, a cold particle is used to mea-
sure the Larmor frequency, while the second one probes
the magnetic field (cyclotron frequency). However, due
to the uncertainty of the measurement of the parti-
cles temperatures and present fluctuations and inhomo-
geneities in the magnetic field of the trap, the two parti-
cles probe effectively slightly different average magnetic
fields, which lead to the dominant systematic uncer-
tainty of this measurement of (Ag/g)drive = 0.97 p.p.b.
Also, in the 2017 campaign, the linewidth of the Lar-
mor resonance was deliberately saturated to 15 p.p.b. to
make the measurement robust with respect to magnetic
field fluctuations imposed by the antiproton decelera-
tor facility. Measuring at higher magnetic field stability
and thus with lower drive amplitude will reduce the
line width and lead to higher precision. Below, we will
describe the layout and status of a recently upgraded
magnetic moment measurement setup at BASE, which
was designed to decrease systematic uncertainties and
to increase the g-factor measurement precision to be
able to reach our defined new goal.

5.1 New trap stack

The four-Penning trap system of the BASE experiment,
shown in Fig.3, is constituted by the reservoir trap
(RT) for storing and catching antiprotons [41], the pre-
cision trap (PT) with a homogeneous magnetic field in
which the precision measurements of the Larmor and
cyclotron frequencies take place, and the analysis trap
(AT) where the large magnetic bottle is superimposed
to identify the particle’s spin state via the continu-
ous Stern—Gerlach effect. Additionally, in 2022 we have
implemented a cooling trap, which is a device dedicated
for efficient sub-thermal cooling of an antiproton, to effi-
ciently prepare particles with temperatures below the
direct spin-state detection threshold 7y < 200 mK.
The main systematic uncertainty of the 2016,/2017
measurement was caused by a residual magnetic field
inhomogeneity along the magnet axis in the PT Bpr ~
Bog + B; - 2 + By - 22 imposed by the far field of the
ferromagnetic ring electrode of the AT. To decrease this
effect, we have redesigned the trap, decreased the size
of the high voltage catching electrodes of the RT, and
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2017:
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7
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Fig. 3 Comparison of the layout of the four-Penning trap
system used in 2017 and in the 2022 measurement cam-
paigns. The red box indicates a parking electrode

Table 1 Residual linear B; and quadratic Bs components
of the magnetic field in the precision trap in the 2017 setup,
in the 2022 setup, and after tuning the magnetic field with
the superconducting shimming system

2017 2022 trap stack 2022 tuned
By (T/m) 0.0712(4) 0.0270(7) 0.0162(4)
B (T/m?) 2.7(3) 0.1298(8) 0.0003(3)

increased the distance between the AT and the PT by
adding transport electrodes. This allowed to decrease
the values of B; and By in the PT by a factor of 2.6
and 21, respectively; see Table 1 for exact values.
Additionally, we implemented a superconducting

shimming system around the precision trap to be able
to further tune the values of B; and Bsy. First results
show the possibility to reduce the Bs component of the
PT by more than a factor of 10000 and to tune the B,
part down by another factor of 2, which will practically
eliminate the dominant systematic uncertainties of the
2017 g-factor measurement [16].

5.2 Improved cyclotron frequency stability

Measuring the g-factor requires the simultaneous mea-
surement of both the Larmor frequency and simulta-
neously the cyclotron frequency with high accuracy. In
2017, the Larmor resonance was saturated to a width of
15 p.p.b. making the spin-flip spectroscopy robust with
respect to frequency fluctuations caused by chang-
ing magnetic fields inside the AD/ELENA facility. To
reduce this effect, we installed a multi-layer supercon-
ducting shielding system, which decreases some exter-
nal magnetic field disturbances by up to a factor of
225 £ 15 [25]. We expect that this upgrade will allow us
to reduce the width of the Larmor resonance at least to
the 1 p.p.b. level, as earlier demonstrated at our exper-
iment BASE Mainz, Germany [17].

Another aspect is the fluctuation of the cyclotron
frequency measurements, whose history is presented
in Fig.4. In 2014, BASE started with a shot-to-shot
cyclotron frequency scatter of o(Av,) = 5.5p.p.b. [23].
In the following years, the experiment was systemati-
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Fig. 4 Improvement in the cyclotron frequency scatter
o(Av,) measured in the BASE experiment throughout the

years

cally improved, first by implementing a new supercon-
ducting magnet (2015) and a single-layer self-shielding
coil system [42] and later by revising the cryomechan-
ical support (2018), reaching in 2019 with the added
multi-layer system a cyclotron frequency fluctuation of
o(Avy) = 1.8 p.p.b., which was one of the key improve-
ments for the 16 p.p.t. charge-to-mass ratio comparison.
Based on these experimental upgrades and inspired by
the goal to further improve the resolution of our g-
factor measurements, we have implemented peak and
phase-sensitive frequency measurement methods. Com-
bined with the multi-layer superconducting shielding
system [25], we have reached with these methods fre-
quency scatters of o(Avy) ~ 520(50) p.p.t. for peak-
based measurements and o(Avy) & 280(20) p.p.t. for
phase-sensitive measurements, at a shot-to-shot sam-
pling rate of 1/(265s) [14].

5.3 Detection of spin flips in the analysis trap

The most important part for the planned improved
proton/antiproton magnetic moment measurement is
the non-destructive detection of single nuclear spin-
quantum transitions in the analysis trap. Here, we
report on the unambiguous observation of such spin
transitions in the newly implemented trap system, for
the first time after 6 years [43]. To detect these transi-
tions, we first prepare a single particle in the AT and
carefully optimize the electrostatic potential of the trap,
which provides high single-particle detection signal-to-
noise ratio and enables axial frequency measurements
at high resolution. With this particle, we measure the
axial frequency, irradiate a spin-flip drive, and measure
the axial frequency again. Afterwards, we evaluate the
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Fig. 5 Evolution of the mean values of the frequency scat-

ter for no-drive (blue) and spin-flip drive (red) as a function
of attempts

axial frequency scatter =g, which is the root-mean-
square value of subsequently recorded axial frequency
differences, with and without the spin-flip drive tuned
to the Larmor resonance. The mean scatter of the axial
frequency with resonant spin-flip drive on is equal to
(44]

Sop &~ \/E[?ack+PSF'(AVz,SF)2 (3)

where Pgp is the spin-flip probability, Zp.ck is the back-
ground axial frequency scatter with the drive switched
off, and Av, gp = 173(2) mHz is the change of the
axial frequency caused by a single spin flip. A mea-
surement of the cumulatively determined axial fre-
quency scatter for both no-drive and spin-flip drive on
is shown in Fig. 5, where we achieve a spin-flip prob-
ability of Pgp = 54(6) % with a background scat-
ter of 62(1) mHz, which unambiguously demonstrates
that with the newly developed experiment a spin-state
detection fidelity similar to the one achieved in 2017
was reached. With the new experimental setup, we have
used the AT also to detect single-spin transitions that
were induced in the PT, similar to the work described
in [45]. The noise and experiment optimization work is
currently ongoing to further decrease the background
axial frequency scatter, which would allow us to fur-
ther increase the data sampling rate of the experiment.

6 Summary and outlook

Very recently, the BASE collaboration has published
the most stringent test of CPT invariance in the bary-
onic sector of the standard model by measuring the
antiproton-to-proton charge-to-mass ratio with a frac-
tional precision of 16p.p.t. [14]. This measurement
improved the previous best result [23] by a factor of
4.3, and improved by the same factor constraints on 10
exotic interactions described within the standard model
extension [8]. Moreover, this 1.5-year-long measurement
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campaign allowed us to perform the first differential,
and thus model independent, test of the weak equiv-
alence principle of clocks for antimatter, showing no
violation at the level of 3%. Secondly, BASE is cur-
rently commissioning an upgraded experimental setup
with the goal to measure the g-factor of the antiproton,
the proton, and for the first time also of the hydro-
gen ion H™ with the ultimate goal to reach a fractional
uncertainty of about 100 p.p.t. For this, we developed a
new trap system which incorporates an upgraded super-
conducting shielding and local magnetic shimming sys-
tem, to stabilize and homogenize the magnetic field of
the trap. With this upgraded multi-Penning trap setup,
we have reached in cyclotron frequency measurements
a shot-to-shot stability of better than 500 p.p.t. and
have considerably reduced residual magnetic gradients
in the measurement trap. We observed single-proton
spin-quantum transitions in the AT with a background
axial frequency scatter of only 62(1) mHz, which consti-
tutes a crucial milestone towards the planned improved
magnetic moment measurements.
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