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Astrophysical observations indicate that there is roughly five times more dark matter
in the Universe than ordinary baryonic matter', and an even larger amount of the
Universe’s energy content is attributed to dark energy?. However, the microscopic
properties of these dark components remain unknown. Moreover, even ordinary
matter—which accounts for five per cent of the energy density of the Universe—has yet
tobe understood, given that the standard model of particle physics lacks any
consistent explanation for the predominance of matter over antimatter’. Here we
present adirect search for interactions of antimatter with dark matter and place direct
constraints on the interaction of ultralight axion-like particles (dark-matter
candidates) with antiprotons. If antiprotons have a stronger coupling to these
particles than protons do, such a matter-antimatter asymmetric coupling could
provide alink between dark matter and the baryon asymmetry in the Universe. We
analyse spin-flip resonance datain the frequency domain acquired with a single
antiprotonin a Penning trap* to search for spin-precession effects from ultralight
axions, which have a characteristic frequency governed by the mass of the underlying
particle. Our analysis constrains the axion—-antiproton interaction parameter to
values greater than 0.1to 0.6 gigaelectronvolts in the mass range from 2 x 10 to

4 %1077 electronvolts, improving the sensitivity by up to five orders of magnitude
compared with astrophysical antiproton bounds. In addition, we derive limits on six
combinations of previously unconstrained Lorentz- and CPT-violating terms of the
non-minimal standard model extension®.

Various experiments aim at the detection of axions and axion-like
particles to identify the microscopic nature of dark matter®’. Axions
are light spinless bosons (axion mass, m, < 1eV ¢%; ¢, speed of light),
which were originally proposed to resolve the strong charge-parity
(CP) problem of quantum chromodynamics® and were later identi-
fied as excellent dark-matter candidates. Although limits have been
placed ontheirinteraction strengths with photons, electrons, gluons
and nucleons”, direct information on the strength of their interaction
with antimatter is lacking. In the standard model, interactions have
equal couplings to conjugate fermion-antifermion pairs because the
combined charge-, parity- and time-reversal (CPT) invarianceis a fun-
damental symmetry. CPT invariance has been tested with high sensitiv-
ity in recent precision measurements on antihydrogen, antiprotonic
helium and antiprotons*°™; so far, no indications of a violation have
been found. By contrast, the non-observation of primordial antimatter
and the matter excess in our Universe are tremendous challenges for
the standard model because the tiny amount of CP violation contained

inthe standard model predicts eight orders of magnitude less matter
content than what we actually observe®. However, the discovery of an
asymmetric coupling of dark-matter particles to fermions and antifer-
mions may provide animportant clue and improve our understanding
of dark matter and the baryon asymmetry. Such an asymmetric cou-
pling may in principle arise for axion-like particles if the underlying
theory is non-local®. Here we test for possible signatures of such a
couplinginthe spin transitions of a single antiproton.

The canonical axion and axion-like particles (collectively referred
to as ‘axions” hereafter) can be hypothetically produced in the early
Universe by non-thermal mechanisms, such as ‘vacuum misalign-
ment”¢. Subsequently, they form the coherently oscillating classical
field a= a,cos(w,t), where the angular frequency is given by w, ~ m,c*/h
(h,reduced Planck constant). The axion field carries an energy density
of g, = m2a3/2, which may comprise the entire local cold dark-matter
energy density”, pl°@'~ 0.4 GeV cm™> Assuming thataxionsaccount
for the main part of the observed dark matter, a lower mass bound of
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m,>10eVisimposed by the requirement that the reduced de Broglie
wavelength of the axion does not exceed the size of the dark-matter
halo of the smallest dwarf galaxies (about 1kpc).

Fermions may interact with axions by aso-called derivative interaction,
causing spin precession’®. In the non-relativistic limit, the relevant part of
thisinteraction can be described by the time-dependent Hamiltonian'®":

H,(t) = sin(w,t)o5 P, 1)

Cpa,
212
where o, p..f,and Cjare the Paulispin-matrix vector of the antiproton
P, the momentum vector of the axion field, the axion decay constant,
and a model-dependent dimensionless parameter, respectively. The
ratioC;/f is proportional to the axion-antiproton interactionstrength.
We note that the fundamental theory to produce a CPT-odd operator
like the one in equation (1) with C;; # C, would need to be non-local®.

Theleading-order shift of the antiproton spin-precession frequency
duetotheinteractionin equation (1) is given by:

m, 0| al

S (£) = f

[A cos(Qg4t + a) + Blsin(w,t) (2)

where |v,| ~107¢ (*~" indicates an order-of-magnitude estimate)
is the average speed of Galactic axions with respect to the Sun,

0,4~ 729 x107° s is the sidereal angular frequency, and a = -25°,

A=0.63and B=-0.26 are parameters determined by the orientation
of the experiment relative to the Galactic-axion dark-matter flux?®
(see Supplementary Information). We note that the time-dependent
perturbation of the antiproton spin-precession frequency in equa-
tion (2) has three underlying angular frequencies: 0, = ®,, @, = @, + Qgq
and w; = |w, — Qy4l; these three modes have approximately evenly dis-

tributed power for the orientation of our experiment.

The experimental data used to search for the dark-matter effect were
acquired using the Penning trap system of the BASE collaboration at
CERN'’s Antiproton Decelerator. We determined the magnetic moment
of theantiproton, u_, by measuring the ratio of the antiproton’s Larmor
frequency, v, tothe cyclotron frequency, v..Inatime-averaged meas-
urement, this results directly in a measurement ofp, in units of the

nuclear magneton py:
(ﬁj S _ )
V, . 2 Hy

which can be expressed in terms of the antiproton g-factor, g_. The
relevant part of the apparatus for this measurement is shown in Fig. 1.
We used amulti-trap measurement scheme with two single antiprotons
to determmep withaprecision350 times better than that of the best
sofarsingle- trap measurement?. Our multi-trap measurement scheme
is described in detail in ref. *.

The measurement of v, /v, takes place in a homogeneous precision
trap; see Fig. 1a. The cyclotron antiproton is used to determine the
cyclotron frequency, v.=29.7 MHz, with a relative precision of a few
parts per billion® (ppb) from the spectra of image-current signals, such
as those shown in Fig. 1b. For the measurement of v;, the cyclotron
antiprotonis moved by voltage rampsinto the park trap, and the Larmor
antiprotonis shuttled into the precision trap. We drive spin transitions
inthe precision trap using an oscillating magnetic field with afrequency
of v,=82.85 MHz. To observe these spin transitions, we need to identify
the initial and final spin states of each spin-flip drive in the precision
trap. Tothisend, we transport the Larmor antiprotoninto the analysis
trap and use the continuous Stern-Gerlach effect®, where a strong
magnetic curvature of about 3 x10° T m™ couples the magnetic moment
of the antiprotontoits axial motion. As a consequence, spin transitions
become observable as an axial-frequency shift of Av, - = +172 mHz. The
spatial separation of the analysis trap from the precision trap strongly

reduces line broadening effects from the magneticinhomogeneity of
the analysis trap in the measurement of the frequency ratio, which is
akeytechnique that enables precision measurements ofpﬁat the parts-
per-billionlevel. The identification of the spinstate in the analysis trap
isperformed using asequence of axial-frequency measurements with
interleaved resonant spin-flip drives, as shown in Fig. 1c. The average
fidelity of theidentification of spin transitionsin the presence of axial-
frequency fluctuations is about 80% (ref. *).

To determine the antiproton g-factor, we measure the spin-flip prob-
ability Pspras afunction of the frequency ratio I'=v,¢/v. in the precision
trap, which gives the antiproton spin-flip resonance shownin Fig.1d. The
data consist of 933 spin-flip experiments recorded over 85 days from 5
September2016to 27 November 2016. The duration of the measurement
cycle of the resonance is not constant, mainly owing to the statistical
nature of the spin-state readout. The median cycle frequency is about
0.38 mHz = (44 min)™. The spin-flip drive duration s t,;= 8 s, with a con-
stant drive amplitude for all data points. The drive frequency varies in
the range + 45 ppb (3.7 Hz) around the expected Larmor frequency.
The time-averaged value of y_is extracted by matching the line-
shape of anincoherent Rabi resonance to the data, which results in
g; /2 =2.792 847 344 1(42) witharelative uncertainty of 1.5 ppb (ref.*).

The frequency shiftinequation (2) causes atime-dependent detun-
ing of the drive and the Larmor frequency in each spin-flip experiment.
Inthe following, we consider slow dynamic effects on spin transitions,
where w,/(21) <« 1/t,=125 mHz, so that the variation of the effective
Larmor frequency is negligible during the spin-flip drive and does not
affect the spin motion onthe Bloch sphere. Each spin-flip experiment
with adrive time of ¢ probes the ‘instantaneous value’ of the Larmor
frequency, w + Swf (t).

To determine whether or not an axion-antiproton coupling is
observed, we perform ahypothesis test using the test statisticg=-2InA,
whereAdenotesthelikelihood ratio (see Supplementary Information).
We compare the zero-hypothesis model H, with 8wf (t) = 0 with the
extended models H,(w), which add an oscillation with frequency w to
H,and have the amplitude b(w) > 0 and the phase ¢@(w) as free param-
eters. The test statistic is evaluated for a set of fixed frequencies with
afrequency spacing of 60 nHz, which is narrower than the detection
bandwidth of our measurement, about1/7,.,, =130 nHz. In this evalu-
ationwe consider the frequency range 5nHz < w/(21) <10.49 mHz and
performamultiple-hypothesis test with N, = 174,876 test frequencies.
The test statistic for the experimental data as a function of the test
frequencyisshowninFig.2.Todefinethe detection thresholds, we use
Wilk’s theorem to obtain the distribution of the test statistic for zero-
oscillation data and correct for the ‘look elsewhere’ effect (see Sup-
plementary Information for details). We find that our highest value,
max = 25.4, in the entire evaluated frequency range corresponds to a
local pvalue of p, =3 x107°. This resultsin aglobal p value of p; = 0.254
for our multi-hypothesis test, which represents the probability that
rejecting H, in favour of any of the alternative models H,(®) is wrong.
Consequently, we find no statistically significant indication of a peri-
odic interaction of the antiproton spin at the sensitivity of our meas-
urement, and conclude that our measurement is consistent with the
zero hypothesis in the tested frequency range.

Tosetexperimental amplitude limits, we apply the CL, method?*. We
first extract amplitude limits for the single-mode oscillations bgy(w)
with a 95% confidence level; the results are shown in Fig. 3a. In the fre-
quencyrange 190 nHz <w/(2m) <10 mHz, the mean limit on by is 5.5 ppb,
which corresponds to an energy resolution of about 2 x 10* GeV. At
lower frequencies, w/(2m) <130 nHz, we sampled only a fraction of an
oscillation period. Here, we consider the reduced variation of the Lar-
mor frequency during the measurement and marginalize the quoted
limit on bgy(w) over the starting phase (see Supplementary Informa-
tion). To constrain the axion-antiproton coupling coefficient f /C5,
we assume that the axion field has amean energy density equal to the
average local dark-matter energy density p"’“" =~0.4 GeV cm >during
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Fig.1|Measurement of the magnetic moment of the antiproton. a, The multi-
Penning-trap system used for the measurement of the magnetic moment of the
antiproton; shownare the cyclotron antiproton, the Larmor antiprotonand
three Penning traps*. The trap system consists of astack of gold-plated copper
and CoFeelectrodes (yellow and brown, respectively) separated by sapphire
rings (green). Theimage-current detectors used for the axial frequency v,and
the modified cyclotron frequency v, arerepresented by the circuitsin the light-
gray and dark-gray boxes, respectively. b, Two fast Fourier transform spectra of
theimage-currentsignal of the cyclotron antiproton used to determine the
axialfrequency (black curve) and the cyclotron sidebands (red curve). The
sideband signal is measured while coupling the axial and cyclotron modes with

the measurement, and use equation (2) torelate j;/Cﬁto the amplitude
limits. Giventhat the axion-antiproton coupling would produce almost
equal amplitudes at the main frequency w, and the sideband frequen-
cies , 3, we place limits on the coupling coefficient considering all
three detection modes (see Supplementary Information). The evalu-
ated limits on the coupling coefficientin the mass range 2 x 10 2 eV ¢ 2
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Fig.2|Results of the signal detection. The test statistic g(v) for the
experimental dataasafunction of the frequency visshown asthegrey line.
Thered dashedlines mark the detection thresholds for the global hypothesis
testand correspondtorejection errors of 1o, (32%), 30 (0.27%) and 5o,
(5.7x107) for the global test, where g, is the standard deviation. The black
dotted lines show the corresponding statistical significance o, for asingle local
testuptoSo,.
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aquadrupolar radiofrequency drive. The cyclotron frequency v.inthe
precision trapis extracted from these two spectra®. ¢, Ameasurement
sequence used for the identification of the antiproton spin state in the analysis
trap. Aseries of axial-frequency measurementsis interleaved with resonant
spin-flip drives. The spin state can be assigned with high fidelity by detecting
theinduced axial-frequency shifts*. d, Larmor resonance of the Larmor
antiprotoninthe precision trap, resulting from measuring the spin-flip
probability P printhe precision trap at the normalized frequency I'=v,¢/v..
The measurementis referenced to the proton g-factor value from 20142
8,/2=2.792847350(9). The error bars correspond to 1s.d. uncertainties.

<m,<4x107" eV c?areshowninFig.3b. The sensitivity of our measure-
mentis mass-independentin the range m, 210 eV ¢ 2, and the ampli-
tude limit is defined by the value of the test statistic at the evaluated
mass q(m,). For q(m,) = 0, we obtain f/C;>0.6 GeV, which
represents the most stringent limitation that we can set on the basis
of our data. In the low-mass range m, <1072 eV ¢ %, the amplitude limit
based on the non-detection at the main frequency w, becomes less
stringent, similar to the behaviour shown in Fig. 3a. The limits in this
mass range are dominated by the sideband signals w, ; = Q4 which
remain in the optimal frequency range of our measurement. We also
marginalize these limits over the starting phase to account for the
possibility of being near anode of the axion field duringa measurement
(seeSupplementary Information). These effects lead to less stringent
limits on the coupling coefficient for low masses. We conclude that the
limits on the axion-antiproton coupling coefficient range from 0.1GeV
t0 0.6 GeV inthe tested mass range. For comparison, the most precise
matter-based laboratory bounds on the axion—-nucleon (V) interaction
inthe same mass range are at the level f,/C,~10*-10° GeV (refs.*%). As
inthe earlier matter-based studies®®*, we do not marginalize our detec-
tion limits over possible fluctuations of the axion amplitude a,. We
note that preliminary investigations in a recent work? suggest that if
such amplitude fluctuations are taken into account for sufficiently
lightaxions, then theinferred limits may be weakened by up to an order
of magnitude at 95% confidence level.

Our laboratory bounds are compared to astrophysical bounds in
Fig. 3b. In particular, we consider the bremsstrahlung-type axion-
emission process fromantiprotons p +p - p + p + a(p, proton; a, axion)
in supernova 1987A, which had a maximum core temperature of
T.ore =30 MeV and a proton number density of n, =5 x10¥ cm™ (ref. 7).
We treat the supernova medium as being dilute (non-degenerate). In
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Fig.3|Exclusion limits for the axion-antiprotoninteraction.a, Upper 95%
confidencelimits onthe oscillation amplitude bgy(w) of the antiproton Larmor
frequency.b, 95% confidence limits on the axion-antiprotoninteraction
parameter f, /Casafunction of the axionmass. The grey area shows the
parameter space excluded by axion emission from antiprotonsinthe

thermal equilibrium, this gives an antiproton number density of
np= npe’zfﬂ/rwre ,where the proton chemical potential §, is given by
m,—¢&,=10 MeV. In the limit of a dilute medium, the axion-emission

2
rate from antiprotons scales as I, .5, < npnﬁ(Cﬁ/j;) ,whereas the

usual axion-emission rate from protons scales as I, ,,, nf,(Cp/j; )2
(refs.””?%), Supernova bounds on the axion-proton interaction deter-
mined by considering the effect of axion emission on the duration of
the observed neutrino burst vary in the range f,/C, = 10%-10° GeV for
m, < T =30 MeV, depending on the specific nuclear physics calcula-
tions employed*?. Using the ‘middle-ground’ value and rescaling to
the axion-antiproton interaction, we obtain the supernova bound
L/Csz 10~ GeV for m, <30 MeV, whichis up to five orders of magni-
tude weaker than our laboratory bound in the relevant mass range.
Indirect limits on the axion-antiproton interaction from other astro-
physical sources (such as active stars and white dwarves) are even
weaker because the core temperatures of such sources are much lower
thanthose reached in supernovae.

The non-minimal standard model extension (SME) predicts anappar-
ent oscillation of the antiproton Larmor frequency at a frequency of
either Qg4 or 20,4, mediated by Lorentz-violating and in some cases
CPT-violating operators added to the standard model®. Using
P, (Q44)=0.336 and P, (2Q,;4) = 0.328, we conclude that the zero hypoth-
esis cannot berejected for these two frequencies, and we obtain ampli-
tude limits of bgy(Qg4) < 5.3 ppb and bs(2Q,,4) < 5.2 ppb with 95%
confidence level. Using these limits and the orientation of our experi-
ment?, we constrain six combinations of time-dependent coefficients

in the non-minimal SME®: ELX <9.7x107% Gev,’[;;y <9.7x10°2 GeV,
XX bV ~n(Y2)
by, <3.7x

~+(XZ.
by,-bp, <54x107° GeV, ") <3.7x107 Gev, br,

b
~(XY) !

10° GeV™and|b | <2.7x10™° GeV ™} wherel;;,land 5;{,,

the perturbative energy shift of the antiproton spin levels in the non-
minimal SME using the vector and tensor coefficients in the Sun-centred
frame, respectively,and/,/are the coordinates X, Y, Zin the Sun-centred
frame. These coefficients have not previously been constrained because
earlier work could set limits only on effects causing a non-zero time-
averaged difference of the protonand antiproton magnetic moments**?,

Inconclusion, our slow-oscillation analysis of the antiproton spin-flip
resonance provides limits on the coupling coefficients of the axion with
anantiparticle probe. Similar searches canbe performed for other anti-
particles, such as positrons and anti-muons, from frequency-domain
analyses of their g-2 measurements?-°,

F.p
parameterize

Data availability

The datasets analysed for this study will be made available on reason-
ablerequest.
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