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We have performed hyperfine spectroscopy of two transitions in ground-state deuterium and searched for
violations of CPT and Lorentz symmetry that would manifest as sidereal variations of the observed
transition frequencies. Several nonrelativistic proton coefficients of the Standard-Model extension
framework have been addressed. The spin-independent coefficients with momentum power k ¼ 2, 4 are
constrained for the first time. Bounds on spin-dependent coefficients are improved by exploiting a sensitivity
enhancement originating from the relative momenta of the nucleons in the deuteron. The best previous
constraints by hydrogen maser measurements are surpassed by 4 and 14 orders of magnitude for coefficients
with k ¼ 2 and 4, respectively.
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The additional neutron in deuterium (2H;D) with respect
to hydrogen (1H;H) leads, on the one hand, to minor
changes of molecular bonds and to small isotope shifts
[1]. On the other hand, the masses of the two isotopes
(relevant to metrology and neutrino physics [2]), their
synthesis in the early Universe (indicator for cosmological
parameters [3]), and their hyperfine structure [4] are quite
distinct. Consequently, there are compelling reasons for
both comparative and complementary studies. Those also
extend to exotic versions of H and D, where the electron is
replaced by a muon [5–9], pion [10,11], kaon [12–14], or
antiproton [15–19]. Such experiments gave rise to the
proton and deuteron radii puzzles and probed quantum
chromodynamics at low energies, thereby challenging and
advancing the standard model (SM) of particle physics. H
masers were employed in high precision measurements to
test beyond SM physics [20,21] and, more recently, isotope

shifts were recognized as a tool for placing bounds on new
light-mass bosons [22].
Here, we exploit another significant difference between

the two isotopes: the proton momentum p from internal
nuclear motion is by far higher in D (∼0.1 GeV=c) than in
H (∼1 keV=c). As noted by Kostelecký and Vargas a
decade ago [23] and elaborated for the present measure-
ment lately [24], this results in orders of magnitude higher
sensitivity to specific violations of CPT (combination of
three discrete symmetries: Charge conjugation, parity, and
time reversal) and Lorentz symmetry. Accordingly, we
report on Rabi-type measurements [25] of two hyperfine
transitions in ground-state D and search for sidereal
variations of the frequency signals in order to extract
new and improved constraints within the Standard-
Model extension (SME) framework [26–28].
The nuclear spin quantum number of D equals one.

Therefore, the ground-state hyperfine structure consists of a
doublet and a quadruplet with corresponding total angular
momentum quantum number F of 1

2
and 3

2
, respectively. In

the presence of an external magnetic field (Bstat), the
degeneracy is lifted by different Zeeman shifts as described
by the Breit-Rabi formula [4,29] and shown in Fig. 1. We
investigate the two transitions with ΔMF ¼ 0: σ1
(F;MF∶ 3

2
; 1
2
→ 1

2
; 1
2
) and σ2 (F;MF∶ 3

2
;− 1

2
→ 1

2
;− 1

2
),

where MF is the magnetic quantum number. The magnetic
field dependence of these transition frequencies reads
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with νD0 ¼ 327 384 352.5222ð17Þ Hz [30] the zero-field
hyperfine splitting and x ¼ μD−Bstat=ðhνD0 Þ, where h is
Planck’s constant and μD− ¼ −geμB − gdμN. Here, μB (μN)
and ge (gd) are the Bohr (nuclear) magneton and the
electron (deuteron) g factor, respectively. We use 2022
CODATAvalues [31], where the sign of ge is negative. The
field of Bstat ¼ 8.4 μT applied in this Letter corresponds
to x ≃ 7 × 10−4.
The aforementioned SME framework generalizes the SM

Lagrangian by adding operators violating Lorentz and CPT
symmetry. Each operator of mass dimension d is introduced
with an associated coefficient of matching mass dimension
4 − d, and effects on observables, such as shifts of transition
frequencies, can be calculated. Thus, the SME enables
quantitative comparability of various experiments contrib-
uting to a comprehensive and systematic search for sym-
metry violations [32]. Its initial minimal version [26–28]
included Lorentz-violating operators with d ≤ 4 and has
been extended to incorporate arbitrary d within the non-
minimal SME [33–35]. Combinations of coefficients for the
same particle (i.e., flavor w like proton p, neutron n, or
electron e), including those with different d, tend to appear
together in calculations of observable effects and are
conveniently collected as effective coefficients. The exam-
ple of relevance for the present Letter are the spherical
nonrelativistic (NR) coefficients, where two types are
distinguished:

spin-dependent∶ T NRðqPÞ
wkjm ¼ gNRðqPÞwkjm −HNRðqPÞ

wkjm ;

spin-independent∶ VNR
wkjm

¼ cNRwkjm
− aNRwkjm

; ð2Þ

with decompositions into CPT-odd (g; a) and CPT-even
(H; c) contributions. Here, the index k gives the momentum
power, while j and m are the spherical tensor rank and
component. In brackets the spin weight q and parity type P
of the operators are indicated, where parity types are
denoted as the E and B-type for ð−1Þj and ð−1Þj−1,
respectively. In this Letter the combinations (0B) and
(1B) for spin-dependent and (0E) for spin-independent
coefficients appear.
In principle, the present experiment on D tests e, n, and p

coefficients. However, for e coefficients, D gives no
advantage over H, as the electron’s relative momenta are
basically identical. Furthermore, stringent constraints for n
coefficients exist from comagnetometry experiments, sum-
marized in Table VI of Ref. [36]. Therefore, we concentrate
on the subset of nonminimal NR p coefficients, where
comagnetometry could not provide constraints yet, due to
the lack of sufficiently elaborate nuclear structure modeling
(see discussion in the End Matter). The relationships
between these coefficients and the energy shifts of the σ
transition are given by Eq. (19) of Ref. [24]. By forming
their difference and sum (δν� ¼ δνσ1 � δνσ2) the relations
separate into spin-dependent and spin-independent com-
ponents. In natural units (speed of light and reduced Planck
constant set to one: c ¼ ℏ ¼ 1) we obtain

2π δν− ¼ 1

6
ffiffiffiffiffiffi
3π

p
X
k¼0;2;4
q¼0;1

ð−1ÞqhjpjkiðqBÞT NRðqBÞ
pk10 ;

2π δνþ ¼ −
1

2
ffiffiffiffiffiffi
5π

p
X
k¼2;4

hjpjkið0EÞVNR
pk20

; ð3Þ

where hjpjkiðqPÞ are the momentum expectation values of
order k. For k ¼ 2, 4, those are orders of magnitude larger
in D than in H [24], and thus the source of the sensitivity
enhancement exploited in this Letter.
In the inertial reference frame of the Sun, the SME

coefficients are constant [32]. Their transformation to the
coefficients acting in the Earth’s frame is expressed by
Eq. (22) of Ref. [24]. Concentrating on the terms relevant to
this Letter we can reduce Eq. (25) of Ref. [24] to

T NRðqBÞ
pk10 ¼ −

ffiffiffi
2

p
sin ϑℜ

�
eiω⊕TLT NRðqBÞ;Sun
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�
;
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2

r
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�
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�

þ
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3

2

r
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�
ei2ω⊕TLVNR;Sun

pk22

�
; ð4Þ

FIG. 1. (Left) Breit-Rabi diagram of deuterium showing
the ground-state hyperfine structure and Zeeman shifts. The
two σ transitions (ΔMF ¼ 0) are indicated with arrows and
connect low-field-seeking (LFS) states of the quadruplet
(F ¼ 3

2
;MF ¼ − 3

2
;− 1

2
; 1
2
; 3
2
) with high-field-seeking (HFS) states

of the doublet (F ¼ 1
2
;MF ¼ − 1

2
; 1
2
). (right) Close-up views into

the low magnetic field range relevant for this Letter
(Bstat ¼ 8.4 μT, dashed line) show the Zeeman shifts for the σ
transitions as well as their combinations as difference and sum
frequencies ν� ¼ νσ1 � νσ2 .
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where ϑ is the angle between the aligning static magnetic
field Bstat and the Earth’s rotation axis, ω⊕ ≃ 2π= (23 h
56 min) is the sidereal frequency, and TL is the local
sidereal time [24] defined such that the argument in the
complex exponent can be written without constant phase
offset. The real (ℜ) and imaginary (ℑ) part of the
coefficients in the Sun-centered frame would induce
variations on the related coefficient in the Earth’s
frame following cosðmω⊕TLÞ and sinðmω⊕TLÞ functions,
respectively.
A Rabi-type H beamline has been constructed by the

ASACUSA Collaboration to characterize equipment for
antihydrogen hyperfine spectroscopy [37–39]. It was
optimized for H velocities of vH ≃ 1000 ms−1, as this
matched the anticipated antihydrogen beam properties.
Upgrades to the initial apparatus, like combinations of ring
apertures and sextupole magnets, which select narrow
velocity ranges (ΔvH ≲ 40 ms−1), are succinctly described
in [40,41].
In the present Letter, we employ the existing source and

detector. The generation of a cold, modulated, and polarized
atomic D beammerely requires supplying D2 gas (instead of
H2), and for the detection, the quadrupole mass spectrom-
eter selects a mass of 2 amu (instead of 1 amu). The beam
temperature and magnetic gradient force remain the same.
The corresponding scaling of velocities (vD ≃ 700 ms−1)
and accelerations due to the mass difference between atomic
H and D results in trajectories which are basically identical
for both species.
The cavity assembly, however, had to be replaced

entirely. As sketched in Fig. 2, it consists of a vacuum
chamber housing a radio-frequency (rf) resonator sur-
rounded by a solenoid and a cylindrical three-layer magnetic
shielding [41]. The resonator employs a split ring geometry
[43] to provide the oscillating magnetic fieldBosc around the
frequency of νD0 for stimulation of the hyperfine transitions.
Elongated versions of such resonators produce homo-
geneous axial oscillating magnetic fields within the inner
cylindrical volume. A distinctive feature of our device is a
second gap, making it a double-gap split ring resonator
(DSRR) [46,47]. Gap size changes for frequency tuning are
more flexible and avoid mechanical tension. A signal
generator connected to an in-phase power divider supplies
two rf waves. Those pass a weak, capacitive, over-coupled
link and get fed into each shell of the DSRR from opposite
ends through direct electrical contacts. Coaxial to the
feeding pin a pick-up antenna coupled to a spectrum
analyzer monitors the rf field built up in the resonator.
The rf devices are locked to an external 10 MHz signal with
10−14 relative uncertainty, which is derived from the
metrological network REFIMEVE [48–50].
Inside the magnetic shielding layers, the solenoid with

630 mm in length and 170 mm inner diameter generates
Bstat. Compensation turns counteract the field drop at the
entrance and exit of the solenoid. Field mappings within the

interaction volume at ∼200 μT [41] using fluxgate sensors
confirmed values for the field inhomogeneity of
ςB=B̄ ≃ 5 × 10−4, where ςB refers to the standard deviation
of the measured field values and overlines are used to denote
averages from here on. Currents are monitored as a proxy
for the generated static field. Fluxgate sensors provide direct
magnetic field measurements inside and outside of the
magnetic shielding. Seven temperature sensors are mounted
at critical positions to verify environmental stability.
The polarized D beam entering the interaction region

consists of equal parts of the three LFS states (see Fig. 1).
Depending on the rf settings, a fraction of one of these states
converts to a HFS state. Prior to detection those atoms get
removed from the beam by magnetic field gradients. The
signature for a resonant interaction is thus a drop in count
rate, which at best can amount to one-third of the total
beam rate.
Rabi oscillations were observed by setting the frequency

to the center of a transition and scanning the rf power. The
first state population inversion corresponds to a π pulse.
Supplied rf powers of −9.4 and −10.1 dBm were found to
be optimal for σ1 and σ2 transitions, respectively. At these
power settings, the frequency scans were performed.
The acquisition of a resonance pair consisted of point-

wise interleaved scans of the σ1 and σ2 transition beam rates
(Rσ), each sampled in a randomized sequence of 25
frequency points separated by 500 Hz. Prior to and
following each Rσ , a reference measurement without rf
interaction was performed (Rref ). This enabled converting
rates into probabilities through: P ¼ 1 − Rσ=Rref [41].
Two campaigns of about one week duration each have

been conducted in May (No. 1) and August (No. 2) 2023,

Bstat

y
x z

toward beam

analysis

gap inserts

DSRR: double-gap

split ring resonator

vacuum

chamber

RF feed upstream

RF pick-up

antenna

deuterium

beam

solenoid with

compensation coils

three-layer

magnetic

shielding Bosc

FIG. 2. Sketch of the purpose-built cavity assembly. The static
and oscillating magnetic fields (BstatkBosc) needed to induce the σ
hyperfine transitions in D are indicated by the long arrow and
short double-arrow, respectively. A solenoid with compensation
coils in a three-layer magnetic shielding generates Bstat. A
double-gap split ring resonator in a vacuum enclosure provides
Bosc. Length and inner diameter dimensions are given for the
main solenoid. By variation of the gap size through 3D-printed
polymeric gap inserts the resonance frequency of the device was
tuned to be close to νD0 .
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accumulating 106 and 107 resonance pairs, respectively.
High-statistic probability spectra for both transitions are
obtained by adding up all data of a campaign, as exem-
plified in Fig. 3. The observed asymmetry is attributed to
small inhomogeneities of Bstat and is mirrored between the
σ1 and σ2 transitions due to the opposite Zeeman shifts. The
high-statistic spectra are used to predetermine 6 parameters
of an empirical fit function with 9 parameters in total (see
End Matter for details). When applied to the individual
resonance pairs only 3 fit parameters are free, namely, a
linear scaling of the function to the observed probabilities
(two parameters) and the central frequency νc.
Searches for sidereal variations are performed on the

combined frequencies νc� ¼ νcσ1 � νcσ2 by plotting them
against the mean sidereal phase φ⊕ ¼ mod ðω⊕TL; 2πÞ
of the data taking period for the corresponding resonance
pair. Several amplitudes get extracted by fitting:

δν�ðφ⊕Þ ¼ A�
0 þ C�

1 cosφ⊕ þ S�1 sinφ⊕

þ Cþ
2 cos 2φ⊕ þ Sþ2 sin 2φ⊕: ð5Þ

Amplitudes for variations at the second harmonic are only
relevant for V coefficients. Therefore, those are only
extracted from the sum frequencies νcþ. Figure 4 displays
these fits on the data of both campaigns. The constant A�

0 is
removed by subtracting averages of the frequencies (νc�),
which are formed separately for three uninterrupted data
taking periods (see End Matter for details on this offset
correction).
A relation between the SME coefficients in the Sun-

centered frame and the amplitudes of sidereal variations
of the hyperfine transitions measured in the Earth’s frame
is obtained by combining Eqs. (3)–(5). Introducing a

complex-valued amplitude A�
m ¼ C�

m − iS�m and using
natural units, we obtain

2πA−
1 ¼ −

sin ϑ

3
ffiffiffiffiffiffi
6π

p
X
k¼0;2;4
q¼0;1

ð−1ÞqhjpjkiðqBÞT NRðqBÞ;Sun
pk11 ;

2πAþ
1 ¼ sin 2ϑ

2

ffiffiffiffiffiffiffiffi
3

10π

r X
k¼2;4

hjpjkið0EÞVNR;Sun
pk21 ;

2πAþ
2 ¼ −

sin2ϑ
2

ffiffiffiffiffiffiffiffi
3

10π

r X
k¼2;4

hjpjkið0EÞVNR;Sun
pk22 : ð6Þ

Note that the only complex-valued contributions on the
right-hand sides are the SME coefficients. The experiment
was performed at the Laboratoire Aimé Cotton in Orsay
near Paris at a latitude of 48.7072� 0.0002°. Bstat is
oriented 6� 2° anticlockwise from due south when viewed
from above, hence, ϑ ¼ 131.02� 0.18° [51].
Systematic investigations evaluated various correlations

between central frequencies νc extracted by the fits, rf
power monitoring, temperatures, direct and indirect mag-
netic field measurements, as well as variations of the six
predetermined parameters by 3 standard deviations of the
empirical fit function and extraction of the linear indepen-
dent amplitudes by fitting every term of Eq. (5) separately
to the data instead of simultaneously, as shown in Fig. 4.
However, all those tests showed negligible effects at the
present level of statistics. A search for other frequency
components confirmed the absence of any significant signal
in a wider range (see End Matter for details). The impact of
the aforementioned offset correction was tested by rerun-
ning the analysis without distinguishing uninterrupted data
taking periods. The absolute difference between the com-
plex amplitudes A obtained with these two methods serves
as a measure for systematic effects. Amplitudes from the
frequency difference (A−) appeared more susceptible to
systematic effects than those of the sum frequency (Aþ),

FIG. 3. High-statistic transition probability spectra for the σ1
(right) and σ2 (left) transition by averaging all 107 resonance
pairs of campaign No. 2. The asymmetries originate from small
inhomogeneities of Bstat. The two transitions feature a mirrored
line shape due to their opposite Zeeman shifts. The line shows an
empirical fit with 9 parameters, which is then used like a template
to fit every resonance individually with only 3 free fit parameters.
Uncertainties are smaller than the dots and hence visualized as
residuals in the lower panel.

FIG. 4. The difference and sum frequencies with offset cor-
rections by subtracting averages (νc� − νc�) (for details see End
Matter) are plotted against the sidereal phase in the top graphs. A
fit (black line), according to Eq. (5), extracts the values and
statistical uncertainties of the amplitudes.
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which is reasonable as the first order Zeeman shifts cancel
for the latter. All values and uncertainties of amplitudes are
summarized in Table I, with the last column showing the
potential systematic effects stemming from the offset
correction, which is smaller than statistical uncertainties.
All constraints on SME coefficients derived from the

amplitude limits are summarized in Table II. Details are
exemplified and listed in [41]. The spin-dependent coeffi-

cients T NRðqPÞ
pkjm of momentum power k ¼ 0 are better con-

strained by H maser measurements [20,21,23], while those
for k ¼ 2 and 4 are improved by 4 and 14 orders of
magnitude. This significant improvement can be entirely
attributed to the use of D, taking advantage of the substan-
tially larger proton momentum compared to H, while it is
still a similarly well-calculable system. The spin-indepen-
dent coefficients VNR

pkjm
are constrained for the first time.

In summary, we have provided improved as well as new
constraints on CPT and Lorentz symmetry violations
governed by nonrelativistic proton coefficients of the
SME framework by searching for sidereal variations in
combined frequencies of the σ1 and σ2 transition of the D
ground-state hyperfine structure. Despite inferior absolute
precision in comparison to H maser measurements, an
improvement was possible due to a strong sensitivity
enhancement mediated by the proton’s momentum in the
deuteron, thereby highlighting the potential of comple-
menting D studies.
With further campaigns, the D experiment could provide

additional constraints through a boost analysis as discussed
in [24]. Other opportunities are opened by measurements at
various static magnetic field values and especially by
reversing the field direction to address those SME coef-
ficients, which do not lead to sidereal variations as
showcased for H just recently [40]. Operation at lower
velocities [52,53] in the existing setup, introducing the
Ramsey method [54–56] in an improved setup, or a
dedicated D maser [30] could provide sensitivity enhance-
ments of about 1, 2, or 3 orders of magnitude, respectively.
Finally, the community at the antiproton decelerator and

extra low energy antiproton ring facility (AD-ELENA) of
CERN is presently evaluating future opportunities offered by
antideuterons. Beyond the more general possibility of
comparative antimatter studies to decouple limits on

CPT-even and CPT-odd coefficients, this system could
give unique access to antineutron properties.
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TABLE I. Values with statistical, total, and systematic uncer-
tainties (1 std. dev.) for the amplitudes in units of Hz extracted by
fits according to Eq. (5), as shown in Fig. 4.

Ampl. (Hz) C�
m ¼ ℜðA�

mÞ S�m ¼ −ℑðA�
mÞ Common

�, harm. Value Stat. Tot. Value Stat. Tot. Syst.

A−
1 2.5 5.0 6.2 −7.4 4.9 6.1 3.7

Aþ
1

−4.7 5.0 5.1 −2.7 4.9 5.0 1.2
Aþ

2
3.8 4.9 4.9 3.7 4.9 4.9 0.3

TABLE II. Constraints on CPT-even (H; c) and CPT-odd
(g; a) nonminimal NR SME proton coefficients in the Sun-
centered frame as values with total uncertainties: (top section)
For spin-dependent coefficients of momentum power k ¼ 2, 4 the
enhanced sensitivity of D enables significantly stronger con-
straints than achieved in H maser measurements. (bottom section)
Spin-independent coefficients are constrained for the first time
through the sum frequency νþ.

Spin-depend. coeff. ℜðT SunÞ ℑðT SunÞ Units

HNRð0BÞ
p211

;−gNRð0BÞp211
0.6� 1.6 1.9� 1.6 10−20 GeV−1

HNRð1BÞ
p211

;−gNRð1BÞp211
1.5� 3.7 4.4� 3.6 10−20 GeV−1

HNRð0BÞ
p411

;−gNRð0BÞp411
1.8� 4.6 5.4� 4.5 10−20 GeV−3

HNRð1BÞ
p411

;−gNRð1BÞp411
−0.5� 1.1 −1.4� 1.1 10−19 GeV−3

Spin-independ. coeff. ℜðVSunÞ ℑðVSunÞ Units

cNRp221
;−aNRp221

1.6� 1.8 −0.9� 1.7 10−20 GeV−1

cNRp222
;−aNRp222

−2.3� 3.0 2.2� 3.0 10−20 GeV−1

cNRp421
;−aNRp421

−0.9� 1.0 0.5� 1.0 10−19 GeV−3

cNRp422
;−aNRp422

1.3� 1.7 −1.2� 1.7 10−19 GeV−3
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End Matter

SME sensitivity of other experiments—High precision
comagnetometry experiments employ even-odd noble
gases. Direct sensitivity to n related SME coefficients
originates from the valence neutron, while sensitivity to
p coefficients is suppressed. So far only the Schmidt
model [57] has been applied to the respective heavier
nuclei in context of the SME framework. In this model
nucleons are paired to form states of zero total angular
momentum, which results in a complete insensitivity of
comagnetometry experiments to p coefficients [36]. This
model-dependent situation could change in the future if a
residual sensitivity to SME p coefficients was quantified
by more sophisticated nuclear structure modelling within
the SME framework.

Empirical fit function—In the present Letter, the
hyperfine transition frequency is the quantity that is
tested for variations during a sidereal day. A line shape
fit retrieves a value for the central transition frequency νc

from the observed resonance spectra as a proxy for the
true value νctrue. Understanding the physics behind the
observed line shape in detail is useful but not critical.
For instance, a constant systematic offset Δνsyst ¼
νc − νctrue is of minor concern in a search for variations.

Consequently, it is sufficient to apply an empirical fit
function.
Our Rabi-type spectroscopy measures the reduction in

beam rate while a stimulating rf field becomes resonant
with the transition of interest. The drop in rate depends on
the applied rf frequency ν and is proportional to the
transition probability FR ideally given by

FRðν; νc;ΩR; τintÞ ¼
sin2

�
ΩRτint

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
ΔΩ
ΩR

�
2

r �

1þ
�
ΔΩ
ΩR

�
2

: ðB1Þ

The Rabi frequency ΩR quantifies the constant interaction
strength. ΔΩ ¼ 2πðν − νcÞ is the detune replacing the scan
variable ν and the parameter νc on the right-hand side of the
equation. On resonance (ΔΩ ¼ 0), the first population
inversion is achieved when the condition for a π pulse is
satisfied: ΩRτint ¼ π. In the present experiment τint is given
by the velocity of the D atoms and the length of the
interaction apparatus and amounts to ∼400 μs. The Rabi
frequency can be optimized to a π pulse by adjusting the rf
power Prf applied to the cavity due to the proportional-
ities ΩR ∝ Bosc ∝

ffiffiffiffiffiffi
Prf

p
.

Distortions of the line shape are caused by imperfections.
The following empirical modifications are made to Eq. (B1)
to account for those. The Rabi-type line shape is extended
by an asymmetry parameter ξ, which enters by rewriting
ΔΩ=ΩR → ΔΩ=ðΩR þ ξΔΩÞ. Furthermore, a Lorentzian
background is added: FL ¼ f1þ ½ðΔΩþ ΩLÞ=Γ�2g−1,
with a width Γ and a frequency-offset ΩL. FR and FL
are combined with a weighing factor ρ on the Lorentz
contribution and then scaled to the directly measured
probability (Pmeas ¼ 1 − Rσ=R̄ref , compare main text) by
a multiplier λ and constant offset κ. Hence, the resulting
empirical probability fit-function has 9 parameters:

TABLE III. Values with single standard deviations of six predetermined parameters of the empirical fit function (B2) obtained from
fits to the high-statistic average spectra of each σ transition and campaign, as shown in Figs. 3 and 5. In the final fits of resonance pairs,
these six predetermined parameters are fixed to the mean values shown in the last column, leaving only three free parameters (νc; λ; κ).

Parameter Campaign No. 1 Campaign No. 2
MeanName Symbol Units σ1 σ2 σ1 σ2

Rabi asymmetry ξ 1 0.0423(22) −0.0402ð23Þ 0.0329(32) −0.0323ð32Þ �0.0384
Rabi frequency ΩR rad ms−1 11.07(22) 11.05(22) 9.62(43) 9.87(38) 10.77
Interaction time τint ms 0.2758(13) 0.2753(14) 0.2793(22) 0.2808(22) 0.2768
Lorentz probability ratio ρ 1 0.913(56) 0.865(57) 0.740(44) 0.823(53) 0.822
Lorentz frequency offset ΩL rad ms−1 7.44(16) −7.25ð16Þ 6.60(22) −6.15ð19Þ �6.96
Lorentz width Γ rad ms−1 51.6(25) 49.8(27) 37.0(19) 41.3(26) 43.5

FIG. 5. Campaign No. 1 equivalent of Fig. 3. Dashed and
dotted lines show Rabi- and Lorentz-type contributions to the
empirical fit function given by Eq. (B2).
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Pfitðν; νc; λ; κ; ξ;ΩR; τint; ρ;ΩL;ΓÞ
¼ λ½FRðΔΩ; ξ;ΩR; τintÞ þ ρFLðΔΩ;ΩL;ΓÞ� þ κ: ðB2Þ

In Fig. 5, the Rabi and Lorentz part of the fit function are
illustrated. The parameters ξ;ΩR; τint; ρ;ΩL, and Γ are
predetermined by fits to high-statistic spectra, which are
obtained by averaging all spectra of each campaign for both
σ transitions. The values are summarized in Table III. A
quantitative interpretation of Rabi-type line shape param-
eters is not meaningful, as the Lorentz-type background is
introduced ad hoc. The parameters ξ and ΩL control
asymmetries. Therefore they are sign-opposite for the σ1
and σ2 transitions as their line shapes are mirrored due to
sign-opposite Zeeman shifts. Deviations between parame-
ters for the two resonances of the same campaign are within
uncertainties, while tensions exist between the campaigns.
Slight changes of static and rf field properties in combi-
nation with correlation between fit parameters can explain
those. The final analysis applies the empirical function
with only three open fit parameters (νc; λ; κ) and the other
six predetermined parameters fixed to the mean values
tabulated in the last column of Table III. Examples of this
three-parameter fit are illustrated in Fig. 6 for resonance
pairs of each campaign. The use of the parameter values of

either campaign No. 1 or No. 2 produces the same results
for the complex amplitudes within 5% of the statistical
uncertainty.

Systematics, offset corrections, data groups—In spite
of using the same current set values, the magnetic field
was not identical in the two campaigns separated by
three months. In addition, a malfunction of the high-
precision current supply after 82 out of 106 resonance
pairs of campaign No. 1 required a reset. Therefore, the
complex amplitudes A−

1 , A
þ
1 , and Aþ

2 are extracted after
offset corrections on νc� with three distinct frequency
averages referred to as No. 1a, No. 1b, and No. 2 in
Table IV. The complex amplitudes shift slightly when the
offset correction is performed with a single joint
frequency average instead (last column of Table IV). The
absolute difference jAindiv: −Ajointj yields the systematic
errors listed in the last row of Table I.

Lomb-Scargle periodograms—The presence of other
frequency components in the time evolution of νc� was
tested by a Fourier transform method for unevenly
sampled time series referred to as Lomb-Scargle
periodograms [58–62]. Widely used by the astrophysics
communities [63–65], the method has been recently
applied in searches for sidereal variations to constrain
Lorentz violations [66]. The periodogram of the
combined frequencies νc� are shown in Fig. 7. The
frequency νc− is more sensitive to changes of Bstat that
could be induced by environmental fluctuations, therefore
the observation of higher power values in comparison to
νcþ is reasonable. Even the highest observed power levels
can be explained with ≥ 90% probability as Gaussian
noise when interpreted as p values using the methods
developed by Baluev [67]. The inset zooms onto the
frequency region of interest. The small fringes appear
due to the three-month time separation between the two
campaigns. Day-night effects can thus be resolved from
sidereal variations.

FIG. 7. The graph shows standard normalized Lomb-Scargle
periodograms for νc� with horizontal dashed lines indicating p
values (details see text). The inset zooms into the frequency
region of the sidereal and solar day.FIG. 6. Examples of three-parameter fits to single resonance

pairs from campaign No. 1 and No. 2 including typical values for
reduced squared residuals (χ2ndf ).

TABLE IV. Comparison of frequency averages νc� for groups of
data (No. 1a, No. 1b, No. 2). The top row states the respective
number of acquired resonance pairs. Uncertainties are single
standard deviations.

Campaign: No. 1a No. 1b No. 2 Joint

Acqu. res. pairs: 82 24 107 213

(νc− − 157 000) Hz: 699� 5 668� 10 739� 6 709.1� 3.5
(νcþ − 2νD0 ) Hz: 157� 5 136� 10 163� 6 156.6� 3.5
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