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Molecular hydrogenions are of high interest in fundamental physics and
metrology. In particular, the long-range baryon-baryoninteraction and

the degrees of freedom of baryon rotational and vibrational motion are key
features of molecular hydrogen ions. Here we present the measurement of
aone-photontransition of HD", a fourth overtone vibrational transition.
Through a comparison of experimental and ab initio frequencies of this and

previously measured transitions, we implement a test of the low-energy
quantum physics of baryon interaction and motion. The results may also
beinterpreted as a test of Weinberg’s quantum mechanics extension.
Furthermore, we compare the value of the fundamental constant

combination u/m,

=m,my/(m,+ my)m,determined from our measurement

with the value obtained from mass spectrometry experiments. This may
alsoberegarded as a test of the quantum behaviour of baryons, revealing
amoderate tension of 1.7 times the combined uncertainty. Combining

our measurement result with some previous ones on HD*, we obtaina
least-squares-adjusted value for u/m, as well as abound for the force
between the proton and deuteronin ascenario that is beyond the Standard
Model of particle physics. No evidence of a deviation from conventional
quantum physics is found.

Because of their relative simplicity, molecular hydrogen ions (MHI)
are calculable molecules. Applying the theory of non-relativistic quan-
tum electrodynamics (NRQED)', Korobov and Karr? calculated vibra-
tional transition frequencies with fractional uncertainty estimated to
be 8 x 1072, limited by uncalculated NRQED contributions of high order
in the fine structure constant a. This uncertainty is within a factor of
10 of the theory uncertainty achieved for the hydrogen atom. NRQED
theory assumes, in particular, the conventional Coulomb interaction
betweenthe twobaryonsinthe MHI. Actual predictions of MHI frequen-
ciesrequire the values of certain fundamental constants as the input,
specifically the Rydberg constant R.., the ratio of the masses of the
specific baryons (proton, deuteron, triton) relative to the electron
mass and the charge radii of those baryons. Given that the predictions
of the ab initio theory are so accurate, if the spectroscopy of MHI

matches or surpasses this accuracy, itbecomes possible to either accu-
rately determine the mentioned fundamental constants or test for the
presence of unconventional, hypothetical interactions, assuming val-
ues of constants measured on other systems. Recently, this has been
implemented on a rotational transition and two vibrational transi-
tions®” that were measured with sub-Doppler resolution. We extend
that work concerning three main aspects. First, we extend a spectro-
scopictechnique —trapped ion cluster transverse excitation spectros-
copy—to a shorter wavelength and substantially higher resolution.
Second, we consequently achieve ametrological study of a previously
unexplored transition—the fourth overtone vibrational transition of
HD*—with experimental accuracy higher than the theory prediction.
Third, our data, by themselves or combined with previous data, enable
two tests of quantum physics—one that relates to the Weinberg’s
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Fig.1|Selected states of HD* and transitions relevant to this work. A subset

of therovibrational energy levels (left). The brown arrow shows the one-photon
transition f;, namely, (v=0, N=0)>(v’=5, N’ =1), measured in thiswork. The
other coloured arrows indicate transitions previously measured with high
accuracy:f, (ref.3),f; (ref. 4) and f;, (a two-photon transition)**. Hyperfine
structures of the two rovibrational levels (=0, N=0)and (v’ =5, N’ =1) (middle).
Here Fis the total angular momentum of the molecule, G, is the total spin of the

proton-electron pair and G, is the total particle spin, also including the deuteron.
The two particular Zeeman components measured in this work, line 12 and line 21,
are also shown (right, in brown). Here B is the nominal applied magnetic field, and
m,is the projection quantum number. The horizontal dashed lines connect equal
statesin each panel, and the differing energies of the three panels are indicated.
Extended Data Fig. 4 provides the details.

analysis of Lindblad quantum mechanics® and the other, more generic.
Likewise, the comparison of our present determination of the baryon-
electron mass ratio u/m, with the Penning-trap-based determination
isinterpreted as a test of baryonic quantum mechanics. Here y is the
reduced nuclear mass, 1 = m,;l + m;l, and m, is the electron mass.
Finally, we contribute in improving the bounds to a hypothetical
beyond-Standard-Model (BSM) force between the baryons.

Theachieved accuracy foraone-photon transition also hasimpor-
tant implications for future work: it will be possible to perform spec-
troscopy of similar accuracy on a large set of transitions in the MHI,
thus enabling a wide-ranging exploration of their energy spectrum.

The transition we studied, namely, (v=0,N=0)>(@’=5,N"=1)
(vand Nare the vibrational and rotational quantum numbers, respec-
tively) is depicted inthe energy diagram (Fig.1) asbrown arrows. Its fre-
quency,f;~260 THz, lies between the previously studied one-photon
fundamental transition (f; ~ 58 THz (ref. 4)) and the two-photon
high-overtone transition (f, ~ 415 THz (ref. 5)).

We perform resonance-enhanced multiphoton photodissocia-
tion (REMPD) spectroscopy on an ensemble of HD* ions trapped in
alinear radiofrequency (RF) trap, using infrared photons (1.15 pm)
to excite a vibrational transition and ultraviolet photons (266 nm) to
dissociate the molecule. The molecules are sympathetically cooled by
laser-cooled berylliumions’. The smaller mass of HD* compared with
Be" leads to a spatial segregation of the lighter ions that arrange in
the vicinity of the trap axis. If asmall number of lighter ionsis loaded,
they arrange in a string-like fashion along the trap axis®. Forionsina
string, the amplitude of residual thermal (secular) motion along the
perpendicular direction becomes comparable with the wavelength
ofinfrared radiation, provided the sympathetic cooling is sufficiently
strong. When a mid-infrared spectroscopy wave is directed perpen-
diculartothetrap axis (trappedioncluster transverse excitation spec-
troscopy), an ultranarrow carrier can be observed in the excitation
spectrum*. Here we show that this is also the case for a comparatively
short spectroscopy wavelength of 1 =1.15 um. Importantly, we achieve

afractional uncertainty of the individual systematic shifts compara-
ble with the previous study. This is, in part, enabled by the use of an
ultranarrow-linewidth spectroscopy laser having excellentlong-term
frequency stability (see ‘Apparatus’section and Extended DataFig.1).

We focus on the two hyperfine components, namely, line 12 and
line 21 (Fig. 1). For each line, we report the Zeeman component
mp =0 — m, = 0.Here mgand m;. are the projections of the total
angularmomentaFand F’ on the static magnetic-field direction. These
particular Zeeman components are chosen for their small quadratic
Zeemansshifts (see ‘Systematic shifts’ section). Figure 2 shows the Zee-
man components observed under different operating conditions.
Power broadening of the transition by the spectroscopy laser wave is
kept moderate by using a sufficiently low power (Fig. 2a(i)(ii)). The
narrowest observed line (Fig. 2(ii), dashed red) had a full-width at
half-maximum below 0.4 kHz, corresponding to a line resolution of
6 x 10", To the best of our knowledge, this is the highest resolution ever
observed onany molecularion (another work* provides abriefreview),
and even surpasses the best resolution of rotational spectroscopy’.
Our present resolution is nearly the same as the best resolution
achieved on ultracold neutral molecules’. The linewidths are due to a
combination of power broadening, short exposure, spectroscopy laser
linewidthand frequency instability. The transitions have a theoretical
natural linewidth of approximately 10 Hz (ref. 10).

Table 1 summarizes the results of the systematic shifts. We find
that shifts induced by external fields are barely detectable given our
transition linewidths. The only important correctionis the recoil shift.
The unperturbed frequencies are

[0 = 259,762, 914,375.3(0.9),,, kHz,

inel2 (1)

(exp) _
fIine21 = 259,763, 040,467.8(0.8),,,, kHz .

Theabinitio theory of the MHI's hyperfine structure’ ™ furnishes

. . (theor) (theor) 5 i
the spin frequencies fspim12 and fspm,21 ,together with an estimate of
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Laser frequency detuning, 5f = f~f{"*%(kHz)

Fig.2|Two hyperfine componentsatf; ~ 260 THz, measured under
different operating conditions. a-d, Zeeman component m; = 0 — m; = 0 of
line12 (left). The same data for line 21 (right). The rows from top to bottom show
the lines measured to determine the systematic shifts caused by the trap RF field
(a(i) and a(ii)), d.c. Zeeman (b(i) and b(ii)), a.c. Stark (c(i) and c(ii)) and d.c. Stark
(d(i) and d(ii)) effects. The red full and dashed lines and the corresponding data
points areline12 and line 21, respectively, measured under nominal operating
conditions. These two lines are reproduced in all the panels in each column.

N h
Laser frequency detuning, &f = f—f‘ltng?(kHz)

Other colours: line 12 and line 21 taken after changing an external parameter.
‘Systematic shifts’ section provides details of the systematic shift measurements.
For display purposes, the dataare divided into 200-Hz- or 300-Hz-wide bins.

The horizontal error bars represent the standard deviation of the frequency
values in the bin. The vertical error bars represent the standard error of the mean
ofthe datain the frequency bin. The full and dashed lines are Lorentzian fits to
the data points. The data points (framed in black) are the mean background
decay. They were obtained with the spectroscopy wave off.

their uncertainties (see ‘Abinitio theory of transition frequency’ section
and Extended Data Table 1). Subtracting them from the experimental
frequencies jji(s:fz)?nd f“(rf:;)and forming an optimized linear combina-
tion (see ‘Composite frequency’ section), we obtain the spin-averaged

experimental transition frequency as

f(exp) — f(exp)

A P g = 259,762, 971,051.2(0.6)¢, (0.04) e spin KHZ.

@

The total fractional uncertainty is 2.3 x 1072, For simplicity, we have
assigned the (negligible) theoretical uncertainty associated with
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Table 1| Error budget

Effect Sinets ~Finetr  Finens ~Jimest
Statistics 0.00(21) 0.00(17)

Trap field -0.86(70) -0.71(68)

d.c. Zeeman 0.33(19) 0.27(21)

a.c. Stark -0.12(35) 0.07(38)

d.c. Stark 0.00(21) 0.00(17)

Maser offset 1.76 1.76

Recoil -49.58 -49.58

Total -48.46(86) -4818(84)

Measured systematic shifts and their uncertainties, and the statistical uncertainty of two spin
components at 260 THz. All the values are given in kHz. Here fl(exp) is the extrapolated,

linei
unperturbed frequency value and j‘li(::f’"°'") is the frequency value under standard operating
conditions.

the predicted spin frequencies (0.035 kHz) to the experimental
value.

Abinitio theory?also provides the prediction of the spin-averaged
frequency (Extended Data Table 2), which depends on the assumed
values of R., nuclear charge radii r, and r,, and mass ratios m,/m. and
mgy/m..Forthefirst three quantities, we use the values currently recom-
mended by the Committee on Data of the International Science Council
(CODATA)" and take into account the fact that the mass ratio depend-
encyis predominantly in terms of the normalized reduced nuclear mass
p/m.. Then, we can determine the ratio y/m, from the theoretical and
experimental spin-averaged frequencies by solving the equation
Flheen imyy = F&P)  (see‘Abinitio theory of transition frequency’

spin—av; ” spin—avg
sectlon%. We obtain

ﬂ/me = 1’ 223’899228720(7)exp(24')theor,QED(O)theor,spin(:‘})CODATAZOIS'
3

The last uncertainty contribution originates from the nuclear charge
radii and R... The fine structure constant enters the frequency values
onlyat fractional order o’ (Extended Data Table 2); therefore, its current
uncertainty is negligible in the present context. The total fractional
uncertainty is u,(i/m.) =2.0 x10™,

Now, fourindependent accurate experimental transition frequen-
cies of HD" are available: three vibrational (f; (ref. 4), f; (this work)
andf, (ref. 5)) and one rotational (f; (ref. 3)). Extended Data Table 3
summarizes their key results. In view of current inconsistencies®,
here we mainly focus on the pair f; and f;. For the purpose of testing
quantum theory, we consider two analyses (I and II) based on simple
combinations of two transition frequencies, one analysis (I1l) based on
a comparison with Penning trap measurements and finally (analysis
IV), we discuss setting a bound to the strength of aBSM proton-deu-
teron force.

(I) Certain contributions to the uncertainties of the individual
f(theor)

spin—avg

fs(peiflp_)avg(Extended Data Table 3). Combinations of theoretical frequen-

cies substantially reduce the influence of various QED contributions
and of constants’ uncertainties (see ‘Frequency combinations with
reduced sensitivity to fundamental constants’ section and Extended
Data Table 4). In particular, simple dimensionless frequency ratios,
Rap = falfs, can be formed that exhibit no dependence on R.., as well
as a reduced sensitivity to u/m, whose fractional uncertainty would
otherwise be important (,(i/M|penning) = (3.1-4.6) x 107", depending
on the data source). Table 2 presents the favourable ratios Rs; and
Rq 5. Modified, dimensional frequency combinations can further
reduce the uncertainty arising from g1/ me|penying, in view of the smallness
of other uncertainty contributions. This comes at the expense of

are currently considerably larger than the uncertainty of

reintroducing a small sensitivity to R... The indicated 2{{"**” and

R;(,ghe‘") are the combinations of f,, f; and f;, f, with the smallest
uncertainty.

Theratios are mostly sensitive to the non-relativistic energy contri-
butions aswell as the lower-order QED effects (Table 2, rows 11-15). The
ratios are sensitive to hypothetical additional termsin the Schrédinger
equation, for example, alocal self-interaction term proportional tothe
squared wavefunction. Thus, the comparisonbetween the experimen-
tal and theoretical ratios can be used to bound the strength of such
terms (Supplementary Information). Finally, the ratios are relatively
insensitive to a Yukawa-type fifth force (Extended Data Fig. 2).

We find that the experimental and theoretical values of ratios R
(Table 2) agree within the combined uncertainties. We propose

A= (Rls(jxp) - ﬁ;(,iheor))/ﬁs,l “)

asametric for the test of quantum physics of a system where the motion
and interaction of two baryons are the dominant aspects. With the
presentexperiment, we achieve A, =-3.0(4.2) x 1072 Other metrics,
suchas Ay 5, have asimilar fractional uncertainty. The numerical results
depend on the assumed correlation between QED uncertainties (see
‘Frequency combinations with reduced sensitivity to fundamental
constants’ section). Implications of the results are given below.

(I1) It has been proposed that standard quantum mechanics
should be modified and must be described by a Lindblad density
matrix evolution. Weinberg® explored the consequences for atomic
clocks and found that the observed transition frequencies v; may be
shifted from the energy differences (E; - E;)/h by amounts described
by unknown parameters &;. He suggested that the shifts may be tested
for atoms by measuring three transitions within a subset of three
‘clock’-typelevels1,2and 3, and testing whether the transition frequen-
ciesvy,, v,3and vy, violate the ‘closure’ vy, + v,; # vi5. We pointed out that
MHI are suitable systems for such a test because each isotopologue
provides hundreds of rovibrational levels, and a multitude of transi-
tions having small natural linewidth and small systematic effects may
be found'®. Examples are the three levels (v, N) = (0, 0), (1,1) and (5, 1)
mentioned here, but more have been discussed theoretically” .
Here we argue that calculable systems (MHI, hydrogen-like atoms
and so on) permit a direct test of Weinberg’s hypothesis: the
difference between an experimental transition frequency vf.je"p) and
the (conventionally computed) theoretical transition frequency
vf.jtheor) = (Ejftheor) - Egtheor))/h yields avalue for &;. From equations (2)
and (6), we find &s/fs = 0.1(2.1) x 10, Furthermore, the frequency
ratios introduced above provide the parameter combination
&slfs — &ulfy = (RSP — RETOV)/Rs 1~ ~3.7(5.2) x 1072, Obviously, this
isasignificant bound only if the parameters £; do not have the prop-
erty of scaling linearly or approximately linearly with f;. Both results
find no evidence for Weinberg’s hypothesis.

(Il1) The comparison of the value of u/m. from this work with the
value obtained from the Penning trap results can be considered as a
test for deviations from quantum theory, specifically for systems
involving baryonic motion. The relevant data are m./u from CODATA
2018 (avalue that relies mostly on another work®, where electron spin
resonance of C;" was measured), m,/u (ref. 22), m/u (ref. 23) and my/m,
(ref.24).Indeed, these Penning trap experiments were operated such
that the motion of the employed baryonic or baryon-containing par-
ticles (Cs*, proton, deuteron, H and HD*) was in the classical regime,
unlike the quantized motion of baryonsin HD*. Note that the electron
in the HD* molecule as well as in the C;" ion are in quantum motion.
The four (independent) Penning trap measurements can be combined
inthree ways to form p1/m|penning Values. These three values are consist-
ent with each other (Extended Data Table 3 reports two such values).
The present HD" result and the most accurate value resulting from
m./u, my/u and my/m, (Extended Data Table 3, row 22) exhibit a
moderate tension of 1.7g,,,, where g, is the combined uncertainty.
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Table 2 | Ratios R of spin-averaged transition frequencies, measured and calculated ab initio

Name Rs, R'sq Ros R'ss Row
Ratio fs/f, f./F,°%7 fo/fs fo/F0%¢

Experiment 4.432433066069 111.294510441 1.598630181280 63.35615636157 1
Fractional uncertainty 3.5x10™ 3.2x10™ 2.6x10™ 2.3x10™ 2
Theory 4.432433066085 111.2945104415 1.598630181287 63.35615636184 3
Theoretical fractional uncertainty due to

QED theory 2.6x10™ 2.6x10™ 2.5x10™ 2.5x10™ 4
Spin theory 4.3x10™ 3.8x10™" 2.4x10™ 2.3x10™ 5
R..(CODATA18) 6] 2.0x10™ (6] 3.0x10™ 6
u/m, (CODATA18) 3.0x10™ 5.0x10™ 3.0x10™ 5.0x10™ 7
I, r4 (CODATA18) 1.0x10™ 2.0x10™ 9.0x10™ 3.0x10™ 8
(Exp.-Theory)/Exp. -3.7x107 -3.0x10™" -4.4x10™2 -4.3x10™ 9
u(Exp.-Theory)/Exp. 5.2x107 4.2x10™ 4.8x10™ 3.4x10™ 10
Theoretical fractional contributions due to

Nuclear charge radii 9.0x10™ -1.9x10™7 7.5x10™ -2.2x10™° 1
0O(a? including nuclear charge radii -17x107° 5.4x107 -1.8x107°® 3.7x107 12
O(a®) 1.8x1077 -3.8x107 1.5x1077 -4.2x107 13
o(a’) 1.2x10° -2.8x107° 9.5x107 -31x10°° 14
O(a® -6.6x10™" 1.8x10™° -5.3x10™ 2.0x10™ 15
O(a®) 5.3x10™ -1.6x10™ 9.3x10™ -1.7x10™ 16
Other -1.8x107™° 4.0x10™ -1.5x10™° 45x10™ 17
d(In ®;)/d(In(m,/m)) 41x1072 -6.7x10™ 471072 75x107 18
d(In ®;)/d(In(mg/m)) 21x1072 -3.4x10* 2.3x102 37x10° 19

The unprimed ratios are dimensionless, whereas the primed ratios R, , are dimensional and weakly dependent on R... The omitted unit for the numbers in column 3, row 1and column 3, row 3
is kHz®", and that for the numbers in column 5, row 1and column 5, row 3 is kHz®". The main result is indicated in bold typeface. In rows 6-8, the uncertainties due to different fundamental
constants are individually given, without considering the correlations between the constants. The fractional uncertainties of the theoretical spin frequency values applied to the experimental
frequencies are not included in row 2, but are listed in row 5. In the total fractional uncertainty of the experiment-to-theory comparison (row 10), correlations between the uncertainties of the
fundamental constants have been ignored, since they do not substantially alter the result. The lower half of the table (rows 11-19) presents the fractional contributions of various energy
contributions to the theoretical ratios, as well as the normalized sensitivities to the mass ratios. The spin theory uncertainty is calculated assuming that the hyperfine theory uncertainties of the
individual frequencies are not correlated, whereas for the QED theory uncertainty, a correlation coefficient rqog,=0.95 is assumed. We verified that the correlations of the hyperfine coefficients’

uncertainties do not notably change the experimental ratios and total spin theory uncertainty.

The uncertainty of the HD" resultis 1.5 times smaller than the Penning
trap result (Extended Data Fig. 3).

The extended transition frequency set {f,, f., fs, f5} enables amore
powerful analysis compared with using a single frequency. Using a
least-squares adjustment (LSA), we fit or adjust constants so that the
theoretical predictions fl.(the‘")match the experimental results fi(ex").
An LSA with the previously available three frequencies, namely,
Jo, f, andfy (differing from the present values), was reported in
another work®. As stated, here we mostly consider the pair f, and f;.
First, we note that the LSA of R.., i/m. and r, with data only from HD*
spectroscopy, and not from (muonic) hydrogen spectroscopy, yields
large uncertainties because of the dependencies of fonR_.and r, are
in part similar (Supplementary Section A). A simple LSA (LSA-1 (Sup-
plementary Section A) and part (a) in Table 3) consists of fitting only
the value of u/m to the f;and f; HD" data, with constants from (muonic)
hydrogen spectroscopy included parametrically. This resultsin

1imelisa; = 1,223.899228713(23). 5)

The value and uncertainty are constrained by the near-unity QED uncer-
tainty correlation rqg, = 0.95, and therefore, no notable reduction in
uncertainty occurs compared with the uncertainties obtained when
considering individual measurements (Extended Data Table 3). The
value in equation (5) remains in moderate tension with the Penning
trap result (Extended DataFig.3). Extended Data Table 5 and Extended
DataFig. 3 provide details on an LSA includingf,.

(IV) We set bounds to the strength of an assumed BSM force. We
assume a Yukawa-type BSM potential®, Vy(A,R,) = 2 B.exp(-RJ/AJ)/R,,
where S, is the strength, and R,is the distance between any two particles
(s=pd, ep and ed) and A, is the range of the potential, both in units of
A.Thefrequency shifts caused by this type of potential are computed
by perturbation theory (see ‘BSM force’ section). For the range
A;=0.15-0.25 A, the bounds from different vibrational transitions are
complementary to each other. Among the ratios, we find that ®; g is
the most sensitive to 8,4, whereas Rq s and R’ s are more than one
orderlesssensitivearoundA,, = 0.4 A. Taking into account the uncer-
tainties of the frequencies as well as frequency ratios (Extended Data
Tables 3 and 4), we compute the bounds on 8,4 at various assumed A 4
values (Fig. 3). We recognize that Rs o is a more valuable metric than
theindividual frequenciesfor 0.13 <A, < 0.34 A. Also, Rs is independ-
entof R, andis weakly sensitive to the uncertainties of r,and ry, butits
value depends on the mass ratio and QED corrections. Thus, we must
interpretan ;s o-derived bound on 84 as being related to BSM physics
thatallows foraBSM force, but respects conventional quantum physics
for baryon and electron motion.

Furthermore, for setting a bound to S, it is reasonable to fit 8,
and simultaneously adjust or fit g/m.. One reason for doing so is that
the precision of HD* spectroscopy is higher than that of the Penning
trap measurements. Fitting both quantities (LSA-2) allows to simul-
taneously test for unconventional physics via both a BSM force and
a different behaviour of baryons in quantum motion compared with
classical motion. LSA-4 weakens the influence of the latter test. LSA-2
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Table 3 | Two LSAs of fundamental constants

(@) ConstantX Xisn1—Xcoparats Urisna Uycopatats Urpenning
wim, (11.0£2.3)x10°® 18x10™  46x10"  31x107
(b) X Xisa-2=Xcopatats Urisa-z U, coparats Utpenning
u/mg (-5.6+6.5)x10® 5.3x10™ 46x10™ 31x10™
R, (0+21)x10°m" 19x10  1.9x10™
ro (0£1.9)x10fm 2.3x107° 2.3x107°
Bos (4.6+6.2)x10°"E, - -

In both parts (a) and (b), column 3 gives the result of the adjusted constants or parameters
listed in column 2. Their fractional uncertainty is reported in column 4. For comparison,
column 5 shows the CODATA 2018 fractional uncertainties, and column 6 shows the
fractional uncertainties of the Penning trap measurements. The analysis is based on the two
HD* transition frequencies f, and fs. (a) LSA-1 (equation (5)) probes unconventional physics
that expresses itself in a value of the baryon-electron mass ratio u/m, different in the baryon
quantum motion regime from that exhibited by the classical motion of baryonic particles. If
we assume conventional physics to hold, as implied by the inclusion of CODATA constants as
pseudo-data, then LSA-1 determines the baryon-electron mass ratio py/m, with 1.7times higher
accuracy than Penning trap experiments. (b) LSA-2 tests for non-standard physics via y/m,
and B4 with the strength of an additional Yukawa-type potential. A concrete example of a
Yukawa potential range A4, is shown, chosen to be substantially larger than the equilibrium
internuclear distance Ry, that is, Ays0=7.9A. In neither LSA-1 nor LSA-2, the CODATA value
for u/m, is included in the pseudo-data. Hydrogen data are, however, taken into account via
the CODATA 2018 values of other constants, and therefore, conventional leptonic physics is
assumed to hold. An exception is the uncertainty of Arzd, which is not taken into account in
LSA-2. Each HD* frequency data uncertainty includes the QED theory uncertainty, assumed to
be strongly correlated among the four predictions?, at a level of roe,=0.95 (see ‘Ab initio
theory of transition frequency’ section), whereas the experimental uncertainties and spin
theory uncertainties are assumed to be uncorrelated. It was verified that neglecting the spin
theory correlations does not substantially impact the result. The uncertainty of u/m, from
Penning trap determinations (column 6) results from the data in other work'*?*?, Here E,,
denotes the Hartree energy.

and LSA-4 are performed with some CODATA 2018 values included as
pseudo-data. Part (b) in Table 3 shows the LSA-4 result for a particular
Aq. Figure 3 (orange) reports the LSA-2bound for variable A .

We now compare the above test results with other state-of-the-art
tests for baryons and other particles, beyond the Penning trap experi-
ments mentioned above.

Neutral hydrogen molecules contain the same baryons as the
MHI. The best agreements between theory and experiment are at the
level of 5 x 107° for H,and D,, more than two orders weaker than here®.

Atom interferometry determines the mass of an atom species
assuming standard quantum mechanics for the atomic motion to hold.
In one of the most accurate experiments so far”, the mass of rubidium
(inkg) was measured with arelative uncertainty of 1.4 x 10™°. This mass
(inkg) is also measured by mass spectrometry?, with fractional uncer-
tainty essentially given by that of the atomic mass unit, u,(1u) =3 x107°,
Thus, the wave mechanics of the atomic motionis verified inthe quoted
interferometry experiment at this level. However, currently, the disa-
greement with a previous experiment” is larger than this level.

For the neutron’’, gravity resonance spectroscopy has jointly
tested the quantum motion and gravitational interaction at the 1%
level. From a comparison of experimental and theoretical data, neu-
tron-nucleus scattering length bounds for a scalar internuclear BSM
force canbeset. The agreement at the 10 level leads to tight bounds,
forexample, |ag| <1x10*forA=1A.

Antiprotonic heliumisasysteminwhich the motion of the helium
nucleus, a baryon, considerably contributes to the internal energy.
The combined results of spectroscopy of antiprotonic helium with
8 x107° precision®, of antihydrogen and Penning trap tests of the
equality of the mass-to-charge ratios of antiproton and proton at a
level of 1.6 x 107 (ref. 32) can be interpreted as a combined test of the
low-energy quantum physics of the a particle and an antimatter baryon
atthe 8 x107 [evel.

Forelectrons, the most accurate measurements are possible onthe
hydrogen atom. The uncertainty of R.. may be viewed as the accuracy

100 A P

Excluded

0.100

Interaction strength, |Bl,, (107° hartree)

—_— fS
o0 f f,
— Rspo
0.001 |, LsA (f*’f‘”’)‘ . w .
0.1 0.2 05 1.0 2.0

Range of Yukawa-type interaction, A (107'° m)

Fig.3|Bounds to the strength of a BSM proton-deuteron Yukawa-type
interaction. The 2o0bound for |8, derived from LSA-4 based onf, and f; (orange).
InLSA-4, Bisfitted and p/m. is adjusted, that is, 1/m.|coparazois) is included as
pseudo-data. The other five full lines are bounds derived, in turn, from the
fourindividual frequencies as well as from the frequency ratio Rs o = f5/fo.
These five bounds are solely based on fi(ex") - fi(theor) |(copaTAz018) OF

aegfg”) - aegf‘gf‘“) |copatazots), fitting fwithout any adjustment of constants. Also,
|Bl,,denotes the larger of the absolute values of the 20 confidence interval limits
for 4. Allthe bounds apply to the proton-deuteron interaction under the
following conditions. (1) For ranges A < 0.2 A, aBSM electron-nucleus interaction
is weaker than the BSM proton-deuteron interaction by several orders. (2) For
A>2A, theformer interaction should be at least one order smaller. Inboth cases,
equalinteractionranges A4, 4., and 4.4 between different particles are assumed.
Thebounds set by earlier experiments are shown as dashed curves, namely, red”,
blue* and orange”. Also shown are bounds for the antiproton-a particle
interaction: black long-dashed and black short-dashed curvesindicate two
different transitions®®. Other analyses are discussed elsewhere>*,

of low-energy quantum theory involving electron motion. Implicitly,
thisalso contains atest of the electron-protoninteraction, particularly
forranges comparable with the Bohr radius (experiments on Rydberg
states of the hydrogen atom probe moderately larger scales). CODATA
has currently assigned R..an uncertainty of 1.9 x 1072 (ref. 14). However,
thislevelisattained by including the results of muonic hydrogen spec-
troscopy, systems thatinvolve the wave mechanics of adifferent lepton.
The same behaviour for the muon and electron (lepton universality)
needs to be assumed if the above uncertainty is to be assigned to a
test of electron physics. Instead, if we consider only the spectroscopy
resultsbased on the electron, the uncertainty is larger, approximately
5x1072(Fig.linref.14). Thisis comparable with the uncertainty for the
present testbased on HD", an observation that motivates further work
towards higher accuracy also on the hydrogen system.

Ifwe assume thateither there are no deviations from conventional
electron physics (as also suggested by g-factor determinations) and
conventional electron-baryoninteraction or that lepton universality
holds, then our present study can be considered more specifically to
be a verification of baryonic quantum motion and baryon-baryon
interaction, atalevel ofu(A;’l): 4.1x102, Without these assumptions,
tests based on HD* must be considered as combined tests of baryonic
and electronic low-energy quantum physics.

We see potential for improvement of the test based on the fre-
quency ratios ', , to the 1 x 107 level by further improving experi-
mental accuracy. Furthermore, a global data analysis testing for the
existence of BSM forces, treating both lepton and baryon sectors on
anequalfooting, is adesirable major endeavour. Thefirst studyin this
direction has recently been presented™.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Apparatus

The experimental apparatus used in the present work has been
employed in previous spectroscopy experiments®>**, but the spec-
troscopy laser sourceis replaced with a continuous-wave, high-power
diode laser emitting at 1.15 um. The laser is stabilized to a reference
cavity and steered to a hydrogen maser on long timescales. In more
detail, thelaseris phase locked to afemtosecond fibre frequency comb,
whichiisitself phase locked to an ultrastable 1.06 um laser (reference
laser1). The phase-locked beats are constantly monitored and display
sub-hertzlinewidths. Extended DataFig.1(left, blue tracein theinset)
shows one of the two beats. The linewidth of the spectroscopy laser s,
to a large extent, determined by the linewidth of reference laser 1. To
characterize the latter, we obtained a direct beat between reference
laser1and anindependentreferencelaser 2 (alsoat1.06 pm), frequency
locked toits own ultrastable cavity. This reference laser 2 has sub-hertz
linewidth and low frequency drift. The beat note (Extended Data
Fig.1, left, red trace) exhibits a full-width at half-maximum smaller
than 3 Hz. Furthermore, the spectral transfer noise of the comb was
determinedinaseparate experimenttobeless than2 Hz. The frequency
noise occurring in the fibre connecting the comb and spectroscopy
laser was measured to contribute approximately 4 Hz. We, therefore,
infer that altogether, the linewidth of the spectroscopy laser wave is
approximately 10 Hz.

The absolute optical frequency fof the spectroscopy laser is cal-
culated in real time by measuring the repetition rate of the frequency
comb and the carrier-envelope offset frequency with two frequency
counters and the phase-locked-loop beats with spectrum analysers.
The counters and spectrum analysers are referenced to a hydrogen
maser (maser 1). A second hydrogen maser (maser 2), nominally iden-
tical to maser 1, verifies the stability of maser 1 (Extended Data Fig. 1,
right, greentrace). The slow frequency drift of the spectroscopy laser
frequency of the order of 0.1 Hz min™ (Extended Data Fig. 1, right, red
trace for long averaging times) is actively compensated with a digital
servo. The frequency instability of the spectroscopy laser frequency
(Allandeviation) is less than 2 x 10 on all timescales. More precisely,
for integration times smaller than 10 s, the instability is similar to the
values given by the red curve, namely, <5 x 107, Because of the drift of
the reference cavity of reference laser 1 (to which the comb islocked),
onlongtimescales (>200 s), the spectroscopy laser frequency is steered
to the maser 1 frequency via the frequency comb. Extended Data
Fig.1 (right, blue trace) shows that this steering is effective: the blue
tracedropsbelow thered trace and does not exceed the green trace. For
these longintegration times, the Allan deviation of the spectroscopy
laser is similar to the values of the green trace that indicate the instabil-
ity of maser 1. Thus, the laser reaches an instability of 2 x 10 for inte-
grationtimes of the order of 1 h. The blue data (laser versus maser) are
limited onshort timescales (<10 s) by the instability of maser 1and the
resolution of the frequency counter. The slight increase in the values
for integration times of 80 to 200 s is probably due to a sub-optimal
performance of the digital servo on this timescale.

The state preparation and destructive spectroscopy sequence
underlying the reported measurements are the variation of a previ-
ously described procedure®*. Each measurement cycle startswith35s
of rotational laser cooling™ to increase the population in the ground
state (v=0, N=0). This consequently improves the signal-to-noise
ratio. The first secular excitation (application of an RF voltage having
afrequency close to the secular frequency w ~ 21 x 800 kHz to an
electrode close to the trap, for 6 s) produces a signal proportional to
the number of HD" ions in the trap. Then, the 1.15 um spectroscopy
laser and 266 nm photodissociation laser are applied for atotal of 4 s,
allowing vibrational excitation with REMPD of HD" ions to take place.
To avoid a systematic shift induced by the 266 nm photodissociation
laser, we employed a sequence ofinterleaved 1.15 pum and 266 nmiirra-
diations during the REMPD. Since the excited state (v’=5,N’=1) has

alifetime of -16 ms (ref. 10), we used fast optical shutters. The 1.15 um
and 266 nm laser pulse durations are 10 ms each and there was a delay
of100 ps between the two pulses. This sequenceis repeated 190 times.

The sequence is followed by a second secular excitation of the
same duration as the first. Then, a 4 s interval follows, during which
only the photodissociation laser is applied as the spectroscopy laseris
blocked. A third secular excitationis then applied. Fromthe changein
fluorescence levels caused by the first two secular excitations, the frac-
tional decrease in the number of HD"ions due to laser vibrational exci-
tation is computed, representing the spectroscopy plus background
signal, whereas the last two secular excitations yield the background
loss of ions. This determination of the background loss immediately
after REMPD is different from how the backgroundion loss was deter-
mined in our previous works>*. For each frequency detuning of the
spectroscopy laser, the measurement cycle is repeated untiladequate
statistics isaccumulated.

Systematic shifts
We measured several systematic effects (Table 1).

(1) Asystematic frequency shift caused by the trap RF electric field
is present. It may be due to the a.c. Stark shift and/or the a.c.
Zeeman shift’. The measurement of the transition frequency
for three different RF amplitudes (Fig. 2a(i),(ii)) allowed for an
extrapolation to zero amplitude. The extrapolated value is com-
pared with the value at our nominal operational RF amplitude
(Tablel).

(2) We measured the transition frequency for three values of mag-
netic field B<1x107* T (Fig. 2b(i),(ii)). Assuming the predicted
quadratic-in-B scaling, an extrapolation to B= 0 was performed.
The zero-field transition frequency offset from the frequency
at the nominal magnetic field (3 x 10 T) is indicated as the d.c.
Zeeman shift.

(3) Thelaser wave for beryllium-ion laser cooling (30-40 pW at
313 nm) and the spectroscopy wave potentially cause light
shifts (a.c. Stark shifts) via the polarizability of the molecular
ion. We measured the combined light shifts induced by these
two waves by simultaneously increasing the respective laser
powers by a factor of two (Fig. 2c(i),(ii)). This measurement
determines a combined a.c. Stark effect correction. We find it
to be consistent with zero within our resolution. The photodis-
sociation laser (-30 mW at 266 nm) is not applied during the
spectroscopy.

(4) Anupperbound for the d.c. Stark shift was determined by
measuring the transition frequency, once with the nominal
trap operating conditions (when the spectroscopy HD*-ion
string is located along the symmetry axis of the Be" ion cluster)
and again with an additional d.c. voltage of 5V applied on two
trap electrodes’. In the latter case, the Be* ion cluster is visibly
displaced by approximately 100 um, and leaves the HD*-ion
string undisplaced. The current experimental resolution does
not allow to resolve the frequency shift (Fig. 2d(i),(ii)). As the
applied displacement is large, we assign a zero correction to the
transition frequency and an uncertainty equal to the statistical
uncertainty of the line centre determination.

(5) The sensitivity of all the transition frequencies to external fields
can be computed ab initio. This includes Zeeman shift*?, electric
quadrupole shift”, black-body radiation shift,
spin-state-dependent d.c. Stark shift and light shift*.

The quadratic Zeeman shift coefficients for the components
mg =0 — m; = 0 of line 12 and line 21 amount to -0.38 and
-0.43 MHz mT?, respectively. The experimental shifts are
consistent with this prediction.

The light shift of the lower and upper vibrational levels due to
radiation of any wavelength can be computed from the
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measured laser intensities and the theoretical polarizabilities
provided by theory*. We quote only the scalar (subscript s) and
tensor (subscript t) polarizabilities, because the vector
polarizability is not relevant for states having m,= 0.

For the lower level (v =0, N=0), the polarizabilities for 313 nm
have already been given elsewhere’:

a,(v=0,N=0,1=313nm) =3.496, a,(v=0,N=0,1=313nm) = 0.
At the wavelength of 266 nm, the polarizabilities are a,(v =0,
N=0,1=266 nm)=3.677,

a(v=0,N=0,A=266 nm)=0.

For the upper level, they are a,(v' =5, N'=1,A=313 nm) = -17.61,
a(v'=5N=1,A=313nm)=8.855,a,(v'=5,N'=1,A=266 nm) =1
1.89and a,(v'=5,N'=1,A=266 nm) = -8.876.

These values are in atomic units. For the different spin transi-
tions, correction factors of the order of 1 need to be applied. For
the employed nominal laser intensities, we compute transition
frequency shifts of <1 Hz due to the 313 nm wave intensity and
<80 Hz in magnitude for the 30 mW, 266 nm wave having the
given beam waist parameter. However, the latter wave is
blocked during vibrational excitation.

The transition frequency has a black-body radiation shift of f;
(300K) —f,(0K)=-1.2 x107 (ref. 43).

The electric quadrupole shift is negligible.

(6) The hydrogen maser frequency offset is determined by a
common-view global navigation satellite system technique.

A correction of 1.4646(7) kHz was applied to the frequency
values measured with respect to the maser.

(7) The present measurement can only be reasonably matched
with theory if the measured frequency is corrected for the
recoil shift. Given the HD* mass and the wavelength of transi-
tion, the applied correction is -49.58 kHz, and its uncertainty
is negligible. We undertook additional experimental studies
that give robust evidence for the recoil shift when the transi-
tion wavelength is short, by performing absolute frequency
measurements of one hyperfine component of two other
rovibrational transitions. To uncover any dependence on the
wave propagation direction of the spectroscopy, we aligned
the wave along the trap axis rather than orthogonal to it. We
addressed the (0,1)>(5, 0) and (0, 0)~>(4, 1) transitions at 1,165
nm and 1,404 nm, respectively. In both cases, we observed a
sub-Doppler peak and the difference between the measured
optical frequency and ab initio predicted value was consistent
with the occurrence of a corresponding recoil shift. Further-
more, we have measured the thermally broadened line of the
studied hyperfine component of the (0, 1)~>(5, 0) transition.
The linewidth observed under our operating conditions cor-
responds, according to our molecular dynamics (MD) simula-
tions, to an ion temperature of approximately 1 mK, a value
substantially smaller than that assumed previously®. For this
temperature, the MD simulations predict a Dicke-narrowed
peak of substantial strength relative to the thermally broad-
ened line. These MD simulations are fully classical, however,
and are not suited to investigate the issue of a recoil shift, which
is a quantum effect. A theory explaining the appearance of
the recoil is not available yet. Nevertheless, we believe that an
important aspect that such a theory must take into account
is that the mixed ion cluster exhibits many vibrational modes
of frequencies comparable and even smaller than the recoil
frequency, and that are thermally excited.

Thus, aside the recoil shift, the most important systematic shift
exhibited by the spectroscopy apparatus is the trap-shift effect.
For either line, the total applied correction, excluding maser
correction and recoil shift, is less than 0.7 kHz in magnitude.

It is consistent with zero, the total uncertainty being approxi-
mately 0.9 kHz.

(8) Thetotal uncertainty includes the statistical uncertainty of the
nominal transition frequencies. For every measured transition
line in Fig. 2, we have assigned one-half of the fitted full width as
statistical uncertainty of the line centre frequency.

(9) Forthe fundamental vibrational transitionf, (ref. 4), we assume
that no recoil shift (2.5 kHz) occurs. If it did and the correspond-
ing correction were included, a significant contradiction with
theory would appear, namely, A} =34(4.1) x 10, A tentative
explanation for the absence of recoil shift is that the number of
modes having comparable or smaller frequency than the recoil
is much smaller than in the case of f; photon absorption.
Furthermore, for the abovementioned low temperature of the
ion cluster, the large transition wavelength (A, = 5.1 um) and the
transverse spectroscopy wave propagation, our MD simulations
show that the Lamb-Dicke regime is attained, that is,
21X, s (T=0.9 mK)/A; ~ 0.6. Here, x, <. is the root mean square
displacement of the HD" ions of the string in a direction
transverse to the trap axis.

Abinitio theory of transition frequency

The problem of computing the energy of arovibrational state of the
HD" moleculeinits ground electronic state is divided into the com-
putation of the level energy averaged over all the possible spin states
of the contributing particles, thatis, E,;,_.(v, N), and the additional
energies E,,(v, N, p = (G,, G,, F)) related to the non-zero particle
magnetic moments. The transition frequency between two particular
spin states p and g of two rovibrational states is then the sum of the
energy differences, thatis, hfp e = fEheoD 4 freon_ pCheon r,N)-

inei fspin—avg fspin,i spin—avg
EShon (0.N) + ESio0 (W', N') — ESe) (0, N, with the line number i=i(p, q)

spin—av, spin, spin,p

(Extended DataFig. 4 provides the nomenclature).

(1) Theabinitio spin-averaged frequency has been evaluated as

(theor) _f(theor)
5 — Jspin—avg

= 259,762,971, 051.02.D);eor. 0epS-Deoparazons KHZ
(6)

Extended Data Table 2 provides details on fs(,;?nef;)vg. Thefirst uncertainty

results from an estimate of the unevaluated QED contributions. The

second uncertainty arises from the fundamental constants that are
needed as inputs to the theoretical prediction. Since approximately
fs x Ro\/me/pt, where i = mymg/(m, + my) is the reduced nuclear mass

(see ‘Frequency combinations with reduced sensitivity to fundamental

constants’ section), the current uncertainty of the electron-proton

mass ratio, u(m./m|coparazo1s) (ref. 14), makes the dominant contribu-
tion, thatis, 4.4 kHz. The uncertainties of R, and proton and deuteron
charge radii together contribute 0.3 kHz.

(2) The value and uncertainty of several results in this work, for
example, A, and A ; (equation (5)), depend on the assumed
level of correlation between the QED uncertainties of the
individual theoretical transition frequencies. A high level of
correlation has been argued for in the ab initio theory work>>**,
Assuming perfect correlation (correlation coefficient rogp = 1),
the chi-squared test for LSA-1indicates a possible inconsistency
in the data. If the assumption is slightly relaxed, for example, to
roep = 0.95, the indication is removed. We have used this value in
the present work.

(3) Thefunctional dependence of the spin-averaged frequency on
n/m.is calculated ab initio as
a|njgi;;efgg(p/me)/aln(y/me) ~-0.422544; it is close to the
Born-Oppenheimer value of —2.

(4) The hyperfine structure in each rovibrational level is described
by an effective Hamiltonian®, containing terms proportional to
nine coefficients &;(v,N), ..., & (v, N). Their values depend on the
rovibrational level (v, N). For N=0 levels, only the Fermi contact
interaction coefficients &, and & are non-zero. Although these
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coefficients could, in principle, be experimentally determined,
the current state of the art has not yet achieved this. Therefore,
we rely on their accurate theoretical calculation. Recently,

&, and & for many rovibrational levels have been computed”
with account of all the contributions of order a? and their
fractional uncertainty is of the order of a®, or g, 4}, ~9x107
and us,., ug  ~6 % 1077 (unprimed and primed quantities refer to
(v=0,N=0)and (v'=5, N'=1), respectively). The coefficient &;
(third in magnitude after &, and &) as well as &; and &, have also
beenrecently theoretically computed with reduced theory
uncertainty of u; ~3x10 °and u; ,u; ~2x10°(refs.13,46). The
remaining spin coefficients &}, £;,&; and & have been computed
within the Breit-Pauli approximation. This neglects terms of
relative order a%; therefore, we assume that their fractional
uncertainties are equal to a’. The spin frequencies £ are
computed by diagonalizing the effective Hamiltonian. Also,
their sensitivity to the various spin coefficients can be numeri-
cally evaluated; they are denoted by y;, Vier Extended Data
Table 1reports all the relevant quantities. According to
theoretical considerations”, there are significant correlations
between the uncertainties of the coefficients &,. In particular,
near-perfect correlation is expected between the uncalculated
theory contributions of &,(v, N) and & (v, N), E(v,N) and &, (v, N),
&yw,Nyand &,(v',N"), and & (v, N) and &(v',N'). This results in

fs(;;?ne,(l)zr) = =56, 675'71(6)the0r,spin kHz,

()]
SEhOD = 69,416.31(7)peor.spin KHZ.

spin,21

The small spin theory uncertainties are a result of the correlations
between the Hamiltonian coefficients. Note that these spin theory
uncertainties are substantially smaller than the uncertainty of the
spin-averaged frequency (equation (7)).

In the present study, a test of the spin theory is provided by the
measured separation of the two hyperfine lines. The experimental
result and theoretical prediction are

_ e

line12

(exp)
line21

(theor) (theor) _
fspin,21 “Jspin2 T 126, 092'0(0'1)the0r,spin kHz.

=126,092.6(1.2),,, kHz ,
(8)

Note that we have computed the theory uncertainty of the spin fre-
quency difference using the values y,, ;- y1,,and Vork = Vi Thisgood
agreementcanbeviewed asatestof spinstructure theory thatis com-
plementary to our previous test on the fundamental vibrational transi-
tion®. In that test, one hyperfine structure splitting was measured as
41,294.06(32)., kHz and the prediction is 41,293.66(12) yeor spin kHZ
(theory re-evaluated using another work™). Although that agreement
ismore precise thanin the present work, the two spin transitions shared
the same lower state, whichis not the case in this work.

Composite frequency
From each experimental rovibrational line frequency, we can sub-
tract the corresponding theoretical spin frequency and obtain a
spin-averaged rovibrational frequency. From two such values, we can
also formalinear combination (composite frequency) as

f(eXD) =by ( I(exp) _

spin—avg inel2

s )+ A=b) (FED - f000) )
where the weight by, is arbitrary. We may choose it such that the total
uncertainty—experimental combined with spintheory—is minimized.
The optimum value is b;, ~ 0.49, giving a spin theory uncertainty of
0.035 kHz (anLSAyields the same result). Note that thisis smallerbya
factor of twothantheindividual spintheory uncertainties (equation (7)),
and is again a result of the correlations among the Hamiltonian

coefficients. The composite frequency does not appreciably change
ifthe correlations are neglected.

Frequency combinations with reduced sensitivity to
fundamental constants

Extended Data Table 4 gives anumber of frequency ratios and Table 2
isasubset. We note the following features.

(1) The particle masses directly affect the vibrational transition
frequencies, in the combination u/m. = m,my/m.(m,+ m,). This
isreflected in a nearly exact 2:1ratio of the sensitivities of the
transition frequencies to the proton-electron and deuteron-
electron mass ratios*” (Extended Data Table 3, rows 18 and 19).
Because of the anharmonicity of the effective nuclear molecular
potential, the transition frequency for a given pair of vibration-
al levels does not scale precisely as (m./u)"?, the dependence
found in the Born-Oppenheimer approximation. The logarith-
mic sensitivity of the frequencies is smaller than 1/2, moder-
ately decreasing with increasing upper-level quantum number
V. As aresult, frequency ratios maintain, in general, a sensitivity
to i/m,, but reduced by a factor of up to approximately 20, as
evident by comparing row 8 in Extended Data Table 3 and row 7
in Extended Data Table 4. Consequently,

u(1/ M| coparazos) = 5 X 107 contributes, for example, a3 x 1072
fractional uncertainty of the ratios ®s; and Ry 5. This is further
reduced in ratios of suitably chosen powers of frequencies, for
example, to 5 x10™in ®;,. Note that such ratios are dimension-
al, and therefore, their numerical values are not of fundamental
importance.

(2) Allthe transition frequencies are proportional to R.., known
today with 2 x 10 fractional uncertainty*®. However, by
considering frequency ratios ®*” = £{"°7 /£ this
uncertainty becomes negligible. This also holds for =55".

(3) The contributions from nuclear, relativistic and from QED
effects scale, for vibrational transitions, approximately
linearly with the transition frequency (Extended Data Table 3,
rows 11-17). This implies that their fractional contributions to
frequency ratios ® are substantially reduced, by approximate
factors of 10-100. We note that this is actually reflected in the
presented values of ®(heoD only because the Bethe logarithm,
which contributes at fractional order a°, has been calculated
with fractional uncertainty smaller than 1 x 107 (ref. 49);
therefore, its uncertainty affects the transition frequency
only at the level of 1 x 10™ or lower. The said reduction in the
ratios also occurs for the most relevant contributions in this
respect, namely, the QED contributions of the next-highest
(a®) and of the highest (a®) computed order so far, which are
the ones that contribute most to the uncertainty of the
individual transition frequencies® The corresponding
reduction factor is ~20. Finally, concerning the so far uncalcu-
lated QED contributions of higher order, Korobov and Karr
argued that the corresponding uncertainties of different
transition frequencies are fully correlated (see ‘Ab initio
theory of transition frequency’ section). Then, the frequency
ratios ® have a QED-theory fractional uncertainty (rows 4 in
Table 2 and Extended Data Table 4) smaller than that of the
individual frequencies f, the latter standing at 8 x 107 for
vibrational transitions®.

(4) The uncertainty originating from the proton and deuteron
charge radii impacts the transition frequencies at the 2 x 10
fractional level; this decreases more than tenfold in some fre-
quency ratios (rows 8 in Table 2 and Extended Data Table 4).

(5) The ‘pure’ vibrational transition frequency f,yi,, COmputed ab
initio, cannot be directly measured. Rather, any particular
experimentally measured rovibrational transition is a particular
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hyperfine component i and its frequency fi;,.; is the sum of
Jepin-avg and a hyperfine (spin) frequency f;., , of the order of

10 MHz (see ‘Ab initio theory of transition frequency’ section).
Experimental values of f;;,.; can be corrected by subtracting the
abinitio £ value, at the cost of introducing theory
uncertalnty Wlth the most recent improvements in hyperfine
structure theory” (see ‘Ab initio theory of transition frequency’
section), the corresponding uncertainties u (£ ) have been
reduced to alevel substantially smaller than the QED
uncertainty.

BSM force

The effect of aweak BSM force between the proton and deuteron with
arbitrary R,,dependence onaspin-averaged transition frequency can
be computed by the first-order perturbation theory as hAf, y., v
({A3) = (V5s({A}, Rya) Yo — (Vs({A}, Rpa))ums Where Vs < B 4is the BSM poten-
tial and {A} are additional parameters of the potential. The individual
expectation values of the potential, (Vs), v, are computed with respect
tothe nuclear vibrational wavefunction of the rovibrational level (v, N).
Korobov computed the shifts for the commonly considered case of a
Yukawa potential as V; = Vy, characterized by a range {1} =A,4. The
effect of aBSM force onratios  is obtained by computing the effect
oneachindividual frequencyf, ., » appearing in the ratio. The sensi-
tivity of various frequency ratios  and various frequencies fto the
strength S, of the proton-deuteron potential Vy is presented in
Extended DataFig. 2a. The four transition frequenciesf, are affected
in different ways.

Similarly, we can consider weak BSM forces between the elec-
tronand proton (ep) or electron and deuteron (ed). Again, we require
expectation values such as V5({A}, R.,,) ),y in case that the BSM force
depends only on the electron-proton distance R.,.. Their calculation
has been done with respect to the full Schrédinger wavefunction of
the three-body problem in a given rovibrational level. These wave-
functions have three arguments, namely, distances R.,,, R.q and R 4.
Extended Data Fig. 2b shows the sensitivities of a Yukawa-type potential
Vy(Aep, Rep) = Bep to strength B, as a function of the assumed range
A.,- Because of the equal charge of the proton and deuteron and the
small mass of the electron compared with the nuclear masses, the
wavefunction is nearly symmetric with respect to R, and R4 (Born-
Oppenheimer approximation), and therefore, the sensitivities to f.,
and .4 are nearly equal.

A comparison of Extended Data Fig. 2a,b shows that the sensitivi-
tiesto electron-nucleus BSM forces are not negligible compared with
the case of a proton-deuteron BSM force, for any (same) range A,. In
fact, they are larger in magnitude for the range A,< 0.3 A, whereas in
the limit of ranges exceeding the proton-deuteron equilibrium dis-
tance R4, =1.06 A, the sensitivities of all the transitions to the three
types of force (pd, ep and ed) are similar. Here %5 o is only moderately
less sensitive to the electron-nucleus BSM forces than to the proton-
deuteron force (Extended Data Fig. 2a,b, black lines).

This implies that an encompassing test for BSM forces should
include electron-nucleus BSM forces in the analysis**’. However, HD*
spectroscopy dataalone are, at present, insufficient to allow an analysis
thattests for 8,4, B, and B4, aswell as adjusts R.., i/m., r,and r,. If atomic
hydrogen results are included in the analysis to provide inputs for R..,
r,and ry, then for consistency, the effect of electron-nucleus BSM
forces (B.,, Bes) on hydrogen frequencies must be treated***. Such an
endeavour is beyond the scope of this work. Therefore, for simplicity,
we shall assume B, = B.4= 0. Bounds to 8,4 can then be set from the
ratios R or via LSA.

Bounds for 8,4 canbe translated to those for the often considered
coupling parameter a; that establishes the BSM potential strength rela-
tive togravity viaag = 2(8,4 X 107° m)/(Gym,m,), where Gyis the gravita-
tional constant. ForA,4=1A4, the bound from LSA-2is |ag|,, < 8.2 x 10%.

Massratios fromf;

Fromour u/m.inequation (3), we can determine the proton-electron
massratio by using the value of m,/m, determined by the most accurate
Penning trap experiment* as

my/me = 1,836.152673463(10) ., 35)incor.qp )
(l)theor,spin(6)CODATA2018,Fink—Myers )

with the total fractional uncertainty u, = 2.0 x 10 ™. This value is consist-
ent with the ratio obtained from the atomic masses of electron* and
proton®, thatis, 1,836.152673390(81), but is two times more accurate.

Furthermore, using the value m,/u (ref. 23), we obtain the elec-
tron mass m./u = 5.48579909030(12) x 107*; it exhibits moderate ten-
sion compared with the CODATA 2018 value, the difference being
-3.5(2.0),; X 107,

Data availability

Source dataare available for this paper. All other data that support the
plots within this paper and other findings of this study are available
fromthe corresponding author upon reasonable request.
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Extended Data Fig. 1| Spectral characteristics of the 1.15 um spectroscopy
laser. Left: (red) spectrum analyzer trace of the heterodyne beat of the reference
laser1(1.06 ¢ m) and anindependent sub-Hz-linewidth, low-drift frequency-
stable laser of nearly same optical frequency (reference laser 2,1.06 g m);

(inset, blue) the heterodyne beat between the spectroscopy laser and the
spectrally closest mode of the frequency comb, while the spectroscopy laser is
phase-locked to the comb and the comb is phase-locked to the reference laser 1.
Thessolid lines are the lorentzian fits to the data points. The frequency offsets are
arbitrary. The linewidths of the two beats and additional characterizations
indicate that the spectroscopy laser has a linewidth of less than 10 Hz. Resolution

10—12 J
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-+$+ maser 1 - maser 2
- -+$+ reference laser 1 - reference laser 2
~
b>\ 10—13 J
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o° 10714
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Averaging time T (s)
bandwidth of the spectrum analyzer: 1Hz, red trace - single sweep, sweep time 6
s, blue trace - average of 10 sweeps, time span of 1 min. The error bars are smaller
than data markers. Right: (blue) Allan deviation of the frequency of the
spectroscopy laser, measured relative to a hydrogen maser (maser1) via the
frequency comb; (green) Allan deviation of maser 1 relative to asecond
independent maser (maser 2). The shown values are the Allan deviation of the
beat frequency divided by v/2; (red) Allan deviation of the beat of the reference
laser 1with reference laser 2. The error bars are estimated as 68% confidence
intervals.
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Extended DataFig. 2| Sensitivity of transitions and their ratios to BSMforces.  between electron and proton, proportional to .,. Full lines denote positive
Thesensitivity is defined as X (dX/dp), where X = f,sor R, 5, andis computed as values, dashed lines negative values. The brown, cyan, and gray lines in panel (b)
described in Methods, Sec.1.5. B has units of energy. (a): case of aBSM force arevery close.

between proton and deuteron, proportional to B,.. (b): case of aBSM force
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Extended Data Fig. 3| Comparison of results on the fundamental mass
ratiop/me. i = mymy/(m,+ my) is the reduced proton-deuteron mass. “Penning
traps” (dark cyan): computed using the CODATA 2018 value for m,/u (that relies
mostly onref.21), m,/u”, m,/m,*. CODATA 2018 (black): u/m,computed using
only the CODATA values for m./u, m,/u, m,/u. The vertical line corresponds to
zero of xaxis. Note that the value and uncertainty of the “CODATA 2018” entry is

significantly correlated with the “Penning traps” entry. LSA-1is based onf, (cyan)
andf; (brown); LSA-1bis based onf, (green), f; (cyan) and f; (brown). LSA-1b and
LSA-3 (ED Table 5) are nearly identical. As can be seen, the results of the least-
squares adjustments deviate from the respective weighted means of the included
frequencies. Thisis due to the assumption of near-perfect correlation rqg; of the
theoretical uncertainties. The error bars represent standard uncertainty.
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Extended Data Fig. 4 | Hyperfine structure energy levels of HD" in the two
relevant rovibrational levels. Shown are the values E(‘he‘") /hforthe ground
vibrationallevel (v=0, N = 0) (left) and E(ﬂ:eor)/h for the e)futed vibrational level
' =5,N" =1)(right) of the 22* ground electromc state. The vertical axisis
broken for better visualization. The numbers next to the arrows indicate the line
numbers i(p, q), where p (q) denotes the particular lower (upper) spin state. In
thiswork, line12 and line 21 were measured. G, refers to the sum of electron and
protonspin, G, to the sum of G, and deuteron spin, and F to the sum of G, and
rotational angular momentum N. The ground rovibrational level has zero
rotational angular momentum, N = 0, giving rise to 4 spin states with total

angular momentum F=0, 1, 2. The upper rovibrational level (v = 5, N’ = 1) has
10 spinstates, having values F = 0, 1, 2, 3.For bothstudied lines 12 and 21, the
lower and upper hyperfine states have the same particle spin coupling G; = G|
and G, = G). Theline 12 measured hereis analogous toline12inref. 3and toline
12inref. 4. Theline 21is analogous to line 16 in ref. 3. Spin states with total angular
momentum Fare (2F +1)-fold degenerate in zero magnetic field. We denote the
lines and corresponding transition frequencies in zero external fields by fje;.
iindicates the position in the list {f,.;, } of the spin frequency values of all spin
components in ascending order.
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Extended Data Table 1| Spin hamiltonian coefficients, spin structure frequencies, and spin frequency derivatives

&' &' &' &' &s' &' &' &' &' & &s
24.07736 ~0.02647 -0.004024 |  831.6874 127.93962 6.4214 0.98561 -0.002487 0.005346 | 925.3942 14228756
. . (theor) ] ' ] ] ' Il ] " '
Line / Jspin,i Yii Yi2 Yis Yia Y'is Yi6 Yiz Y8 Yio Yia Yis
12 -56.675711 ~0.60080 -0.59205 -1.69934 0.24998 0.44737 -0.23030 -3.44936 -3.39148 -2.75290 0.25000 0.50000
21 69.416311 -0.10231 0.10686 0.99504 -0.73434 ~0.18207 0.00884 0.13230 -0.14633 -0.49256 ~0.73668 ~0.16879

&} are the coefficients of the spin hamiltonian for the (v = 5,N' = 1) level, in MHz. &, are the coefficients for the rovibrational ground state (v=0,N=0), already reported in’. fﬁ;*l':"") isthe
theoretical spin frequency in MHz, computed as in ref. 39. The line number i=i(p, g), where p(qg) denote the lower (upper) states. y are the dimensionless sensitivities of the spin structure
HFheon e, to the lower state p.

frequencies to the various spin Hamiltonian coefficients. y;, = fi;*i‘j‘;')/ae; refers to the upper state q, y;x = — spin,i
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Extended Data Table 2| Contributions to the ab initio spin averaged frequency f;"**”

] relative order \

value (kHz) |

aP 259 760 034 608.88
a? 4 008 944.07
a® —1 065 424.00
ot —7 544.12
ad 468.43
ab —3.39
other 1.11

The computation, using NRQED theory, follows refs. 2. For the present transition frequency, a total of 41 individual contributions were calculated for both upper and lower rovibrational levels by
V. I. Korobov. The relative order is relative to the transition frequency itself. The main contribution to fgheo') is the accurate solution of the non-relativistic three-body problem (relative order a°).
This is complemented by contributions that scale, relative to the main contribution, as the 2™ to 6™ power of the fine-structure constant a. The term of relative order a? includes the effects of
overlap of the electron’s wavefunction with the finite-size proton and deuteron. These effects contribute -70.0(3)coparais kHz and -465.9(3)coparais kHz, respectively, to the transition frequency.
We point out that the contribution of relative order a® includes also a recently calculated term that scales as R, a®(log a=2)", amounting to 10.02 kHz for the transition frequency. Additional
contributions are from muon-antimuon and hadronic vacuum polarization in the electron propagator?. The fractional contributions are indicated in ED Table 1, column 2, rows 12 to 17.
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Extended Data Table 3 | Properties of transitions that have been measured and calculated with high precision

Transition (0,0)~(5,1) (0,0)~(0,1) (0,0)-(1,1) (0,3)-(9,3) row
Reference this work Alighanbari et al. (2020) (x) | Kortunov et al.(2021) () | Germann et al. (2021) («)

Experiment fs fo f1 fo 1

frequency (kHz) 259762971051.24 1314925753.000 58605052164.19 415264925501.43 2

exp.unc. (frac., abs.) 2.3x10°2, 9.60 kHz 1.2x10°1, 0.015 kHz 2.6x10°12, 0.15 kHz 1.1x10°%, 0.46 kHz 3

Theory fs feo f1 fo 4

frequency (kHz) 259762971050.97 1314925752.932 58605052163.92 415264925502 .84 5

spin theory unc. (frac., abs.) | 1.4x10°, 0.036 kHz 2.x10712, 0.002 kHz 4.1x107%%, 0.024 kHz 1.9x10° 3, 0.081 kHz 6

QED theory unc. (frac., abs.) 8.1x107*2, 2.1 kHz 1.4x10°%, 0.019 kHz 8.5x10°*2, 0.50 kHz 7.9%x10°, 3.3 kHz 7

CODATA2018 unc. (frac., abs.) 1.9x10°1, 5.1 kHz 4.6x107', 0.061 kHz 2.2x1071, 1.3 kHz 1.6x10°, 6.6 kHz 8

Experiment - theory (kHz) 0.27(5.5) tot 0.069 (0.066) tor 0.27 (1.4) tor “1.4(7.4) tot 9

frac. tot. unc. 2.1x10°1 5.0x 101 2.4x10°1 1.8x10° % 10

theor. frac. contrib. from:

nuclear radii -2.1x10° -3.6x107° -2.2x10° -2.0x10° 11

0(c?) incl. nucl. radii 1.5%x10°° 3.7x10°° 1.7x10°° 1.4x107° 12

0(c3) -4.1x10° -7.1x10°° -4.3x10°° -4.0x10° 13

0(o*) -2.9x10°® -5.0x10°® -3.0x10°® -2.8x10°® 14

0(o®) 1.8x107° 3.0x10°° 1.9%x10° 1.8x10° 15

0(o®) -1.3x10°1 -1.2x10°1 -1.3x10°1 -1.3x10°1 16

other 4. x1071? 7.x10712 4. x10712 4.x10712 17

d(In f)/d(1n(my/me)) -0.282 -0.658 -0.323 -0.235 18

d(1ln £)/d(1n(mg/me)) -0.141 -0.329 -0.162 -0.117 19

U/Me = mpMmg/Me (My+mq)

HD* spectroscopy 1223.899228720 (25) | 1223.899228658 (23) 1223.899228711 (22) | 1223.899228735 (28) 20

CODATA 2018 1223.899228723 (56) 21

Penning Traps 1223.899228642 (37) 22

The frequency values f, are spin-averaged frequencies. An experimental spin-averaged frequency is obtained by applying a theoretical spin frequency correction to data, and the resulting
spin theory uncertainty is reported in row 8. Rows 11 to 17 shows the fractional relativistic and QED corrections computed perturbatively in different orders of the fine-structure constant. Rows
18 and 19 show the fractional sensitivities of the frequencies to the mass ratios. In the bottom section of the table the values of the normalized reduced nuclear mass are given, (i) determined
from the individual HD" transition frequencies, (i) reported by the CODATA2018 committee, (iii) deduced from Penning trap measurements. (*) The theoretical value of the (0,0)=>(0,1)
transition frequency has been updated compared to Ref. 3: (fghe"') —j‘f;he"""m’))/f0 = 2.7 x 10712, The experimental frequency has been corrected as follows: (1) correlations between the spin
hamiltonian coefficient uncertainties are taken into account; (2) in view of the incomplete agreement between experimental and theoretical values of the frequencies of the spin components,
a conservative reanalysis is made. The measured components lines 14 and 20 have the largest systematic corrections, mainly due to the Zeeman shift, and are therefore omitted. A fit of 5.0,
&(v=0,N=1) and &, (v=0,N=1) is performed on the remaining four measured lines. The quality of the fit is very good. It results in shifts of & and & by -5.4+0.4 and -5.4+2.8 times their
respective ab initio spin theory uncertainty. The composite frequency that eliminates the influence of &, (v=0,N=1), & (v=0,N=1), &, (v=0,N=1) yields the same result. For the (0,0)~>(1,1)
transition, the previous experimental value® has been updated AEXP) —fﬁex"’pre‘o = —0.048 kHz, due to an improved calculation of the spin frequencies'” that are required as corrections. This
reduction and the correction of an evaluation error are taken into account in the updated value of u/m,. No recoil correction has been introduced for the transition f,, as currently no clear
evidence has been seen (see ‘Systematic shifts’ section). The incomplete agreement between experimental and theoretical values of the frequencies of the spin components of the
(0,3)~>(9,3) transition has been noted before; nevertheless, we reevaluated the experimental transition frequency using the mentioned improved spin frequencies and their correlations, in
the same way as for fiexp). The spin theory uncertainties were computed taking into account correlations between the hyperfine coefficients. In all columns, the uncertainty of the difference
“Experiment - theory” is computed as r.m.s. of experimental, QED theory, spin theory, and CODATA2018 uncertainties. It is dominated by the CODATA2018 uncertainty. In the last section of the
table, the uncertainty u(u/m,) for the value obtained from HD* spectroscopy is computed analogously. u(u/m,) for the Penning traps determination is computed from the uncertainties of the
atomic mass of the electron” (modified as in'*), of the atomic mass of the deuteron?®, and of the proton-deuteron mass ratio®. The transitions reported in previous work are from refs. 3-5.
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Extended Data Table 4 | Ratios % of spin-averaged transition frequencies

name Rq,e R‘s,e ﬂs,l R'S,l Rs,l Re,s R‘s,s row
ratio fi/fe fs/fo fsif1 Fo/ 1% folf1 folfs fo/Fs2:88
Experiment 44.56909603486 | 197.5495349897 | 4.432433066069 | 111.2945104411 | 7.085821275920 | 1.598630181280 | 63.35615636157 | 1
frac. unc. 1.2x10 1.2x10° 1 3.5x10°12 3.2x10°12 2.8x10712 2.6x10°12 2.3x10°12 2
Theory 44.56909603699 | 197.5495349999 | 4.432433066085 | 111.2945104415 | 7.085821275977 | 1.598630181287 | 63.35615636184 | 3
frac. unc. due to:
QED theory 6.8x 10712 7.1x10°12 2.6x10°12 2.6x10712 2.7x10712 2.5x10°12 2.5x10°12 4
spin theory 1.6x1012 1.6x10°12 4.3x10°% 3.8x10°1 4.5x10°13 2.4x10°1 2.3x10°1 5
R.. (CODATA18) 2] 2 0 2.x10°%3 [ 4 3.x107% 6
/M (CODATA18) 2.x101 3.x10°1 3.x10°12 5.x10°1 6.x10°1? 3.x10°1? 5.x10°13 7
rp (CODATA18) & rg (CODATA18) 2. x10°%2 2. x10°12 1.x10°% 2. x10°% 2.x10° 8 9.x101 3. x10° 13 8
(Exp. - Theory) /Exp. -4.8x10°1 -5.1x10° 1 -3.7x10°% -3.0x10°%? -8.1x10°1? -4.4x10°%2 -4.3x10°%? 9
frac. unc. of (Exp. - Theory) 2.7x10°1t 2.9x10°1 5.2x10° 12 4.2x10 12 7.2x10°12 4.8x1012 3.4x10°12 16
theor. frac. contrib. from:
nuclear radii 1.5%x10° 1.5x107° 9.0x10 1 -1.9x10%° 1.6x101° 7.5x10°11 -2.2x10°%® 11
0(a?) inc. nucl. radii -0.000020 -0.000021 ~1.7x10°¢ 5.4%x10"7 ~3.5x10°° ~1.8x10°° 3.7x1077 12
0(o®) 2.8x10°° 3.0x10°° 1.8x107 -3.8x10”7 3.3x1077 1.5x1077 -4.2x107 13
0(o*) 2.0x10°8 2.1x10°8 1.2x10°° -2.8x10° 2.1x107° 9.5x1071° -3.1x10° 14
0(a®) -1.1x107° -1.2x10°° -6.6x1071 1.8x10°%° -1.2x107% -5.3x10° % 2.0x 1071 15
0(o®) -9.9x10°1? -9.4x10° 1 5.3x10° % -1.6x10°12 1.5x10° 1 9.3x10° 4 -1.7x10°12 16
other -3.0x10° %2 -3.2x10°% -1.8x10°1 4.0x10° 1 -3.3x10°% -1.5x10° " 4.5x10°% 17
d(1n Ry ) /d(1n(my/me)) 0.33 0.38 0.041 -0.00067 0.088 0.047 0.0075 18
d(1n Ry ) /d(1n(mg/me)) 0.17 0.19 0.021 -0.00034 0.044 0.023 0.0037 19

The unprimed ratios are dimensionless while the primed ratios R;, , are dimensional and weakly depend on R... The omitted unit for column 5, rows 1and 3, is Hz

013

and 3, is Hz%". In rows 6 - 8, the uncertainties due to the different fundamental constants are given individually, without considering correlations between the constants. The fractional
uncertainties of the theoretical spin frequency values applied to the experimental frequencies are not included in row 2 but are listed in row 5, in the subsection of the theory values. In the
total fractional uncertainty of the experiment - theory comparison (row 10), correlations between the uncertainties of the fundamental constants have been ignored, since they do not alter
the result substantially. The lower half of the table (rows 11 - 19) presents the fractional contributions of various energy contributions to the theoretical ratios, as well as the normalized
sensitivities on the mass ratios. The spin theory uncertainty is calculated assuming that the hyperfine theory uncertainties of the individual frequencies are not correlated, while for the QED

theory uncertainty a correlation coefficient rqog,=0.95 is assumed. Taking into account the correlations of the hyperfine coefficients does not significantly change the experimental ratios and

the total spin theory uncertainty.

, and for column 8, rows 1
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Extended Data Table 5 | Least-squares adjustment LSA-3

Constant X Xrsa3—Xfiducial Ur1SA3 | Ur,CODATAIS | Urab initio
w/me (-3.7+2.1)x 108 1.7x107' | 4.6x107! -
R (063 +2.1)x 107 m! [1.9x107'2 | 1.9x107"? -

"o (=0.0004 + 0.0019) fm | 0.0023 0.0023 -

E;(v=0N=1)| (-6.8x10>+48)Hz | 1.5x107° - 3.8x107°

Eq(v=0,N=1)| (-1.6x10>+48)Hz | 5.5x107° - 2.1x107°

LSA based on the three HD" transitions f, f;, fs. In this LSA the mass ratio is fitted while the constants R., (row 3), p/m, (row 2), r, (row 4) are adjusted. The CODATA 2018 values of R,,and r, with
their uncertainties are included as pseudo data. This mimicks a global fit that includes also atomic data. r is not separately adjusted but is assumed given by the squared difference of charge
radii Arfml = [rﬁ - ré]comm\zms' accurately known from hydrogen spectroscopy (Supplementary Information, Sec. A). The uncertainty of Ar}z)d is neglected. Columns 2 and 3 are the results of
LSA-3. The coefficients &;, & of level v=0, N=1are included in the fit to reproduce four spin components of the rotational transition. Column 4 shows for comparison the current CODATA 2018
uncertainties. Column 5 is the uncertainty of a determination from a set of Penning trap measurements. One recognizes from a comparison of columns 3 and 4 that a reduction of the
uncertainties of R,,and r, compared to their CODATA 2018 uncertainties is not achieved, because the ab initio theory uncertainties of the HD" transition frequencies (and, to a lesser extent,
their experimental uncertainties) are larger compared to the hydrogen atom case.
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