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Proton-electron mass ratio from laser spectroscopy
of HD* at the part-per-trillion level

Sayan Patral, M. Germann®*, J.-Ph. Karr®3, M. Haidar?, L. Hilico?>, V. I. Korobov?, F. M. J. Cozijn’,

K. S. E. Eikema®®, W, Ubachs5, J. C. J. Koelemeijt

Recent mass measurements of light atomic nuclei in Penning traps have indicated possible inconsistencies
in closely related physical constants such as the proton-electron and deuteron-proton mass ratios. These
quantities also influence the predicted vibrational spectrum of the deuterated molecular hydrogen ion
(HD") in its electronic ground state. We used Doppler-free two-photon laser spectroscopy to measure the
frequency of the v = 0—9 overtone transition (v, vibrational quantum number) of this spectrum with an
uncertainty of 2.9 parts per trillion. By leveraging high-precision ab initio calculations, we converted

our measurement to tight constraints on the proton-electron and deuteron-proton mass ratios, consistent
with the most recent Penning trap determinations of these quantities. This results in a precision of

21 parts per trillion for the value of the proton-electron mass ratio.

recision measurements on simple atomic

systems and their constituents play an

essential role in the determination of

physical constants. Examples range from

the proton-electron mass ratio (my,/m.),
the value of which depends strongly on mea-
surements performed on single protons and
hydrogen-like ions stored in Penning traps, to
the Rydberg constant (R.) and proton electric
charge radius (7},), which are derived from
spectroscopic measurements of energy inter-
vals in atomic hydrogen-like systems (7, 2). It is
desirable to perform such determinations of
physical constants redundantly by using dif-
ferent systems and methods, as this provides a
crucial cross-check for possible experimental
inconsistencies or physical effects beyond our
current understanding of nature. This need
is illustrated by the proton radius puzzle, a
5.60 discrepancy between the value of 7, ob-
tained from muonic hydrogen spectroscopy
and the 2014 Committee on Data for Science
and Technology (CODATA-2014) reference value
(1, 8). Progress toward solution of the puzzle was
made after most of the recent r,, determi-
nations from electron-proton scattering and
atomic hydrogen spectroscopy were found to
be consistent with the muonic hydrogen value
(4-7). A similar need for alternative measure-
ments is indicated for m,/m.—an important
dimensionless quantity that sets the scale of
rotations and vibrations in molecules—because
recent Penning trap measurements of the
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relative atomic masses of light atomic nuclei
[including those of the proton (m72;,), deuteron
(mg), and helion (my,)] differed from earlier
results by several standard deviations (8-15).
For example, Heifde et al. (II) determined m,,
with a precision of 32 parts per trillion (ppt),
three times as high as the then-accepted
CODATA-2014 value, but also found it to be
smaller by 3o (11, 12). The value from (1) has
been incorporated in the 2017 and 2018
CODATA adjustments, but uncertainty mar-
gins were increased by a factor of 1.7 to accom-
modate the difference (2). This uncertainty
range currently limits the precision of my,/m.
(obtained by dividing m,, by the more precise
CODATA-2018 value of m,) to 60 ppt, which
in turn diminishes the predictive power of
ab initio calculations of rotational-vibrational
(rovibrational) spectra of molecular hydro-
gen ions (H," and HD") and antiprotonic
helium, which have achieved a precision of
7 to 8 ppt (I16).

The high theoretical precision, in princi-
ple, enables an improved determination of
myp/me from spectroscopy of molecular hy-
drogen ions, which could shed light on this
situation (17). However, such an improvement

requires measurements with uncertainties on
the parts-per-trillion level, which is two orders
of magnitude beyond that of state-of-the-art
laser (I8, 19) and terahertz (20) spectroscopy
of HD* and antiprotonic helium. Here, we
present a frequency measurement of the (v,L):
(0,3)—(9,3) vibrational transition (v, vibra-
tional quantum number; L, rotational angu-
lar momentum quantum number) in the
electronic ground state of HD* with 2.9-ppt
uncertainty, which is notably more precise
than the theoretical uncertainty. This find-
ing allows us to extract a new value of m,,/m,
and provide a cross-link to other physical
constants, which enables additional consist-
ency checks of their values.

We previously identified the (v,L): (0,3)—
(4,2)—(9,3) two-photon transition in HD"
(Fig. 1A) as a promising candidate for high-
resolution Doppler-free laser spectroscopy (21),
owing to the near-degeneracy of the 1442- and
1445-nm photons, as well as the possibility of
storing HD™ ions in a linear Paul trap while
cooling them to 10 mK through Coulomb in-
teraction with cotrapped beryllium ions, which
are themselves cooled by 313-nm laser radia-
tion. We showed that for counterpropagat-
ing 1442- and 1445-nm laser beams directed
along the trap’s symmetry axis, Doppler-free
vibrational excitation of HD* deep in the op-
tical Lamb-Dicke regime may be achieved.
Thus, with a natural linewidth of 13 Hz,
quality factors of >10" become within reach.
We used phase-stabilized, continuous-wave ex-
ternal cavity diode lasers at 1442 and 1445 nm
with linewidths of 1 to 2 kHz to vibrationally
excite cold, trapped HD* ions (22). Optical fre-
quencies were measured with an uncertainty
below 1 ppt using an optical frequency comb
laser, whereas two-photon excitation was de-
tected through enhanced loss of HD* from the
trap, owing to state-selective dissociation of
molecules in the v = 9 state by 532-nm laser
radiation (22, 23).

Rovibrational energy levels of HD" exhibit
hyperfine structure caused by magnetic inter-
actions between the spins of the proton (I,),

Table 1. Leading systematic shifts and uncertainties. Shifts and their standard uncertainties
(in parentheses) are given in kilohertz. Their justification can be found in (22), as well as the complete

error budget (table S2).

Description F = 0 transition F =1 transition
dc Zeeman effect 0.02(1) 0.10(1)

ac Stark effect, 532-nm laser 0.41(10) 0.46(11)

ac Stark effect, 1442-nm laser -0.06(1) -0.01(0)

ac Stark effect, 1445-nm laser 0.03(1) -0.11(3)
Optical frequency measurement -0.02(42) -0.02(42)
Total systematic shifts 0.38(43) 0.42(43)
Uncertainty of fitted optical transition frequencies 0.00(41) 0.00(51)
Total systematic shifts + fitted optical frequencies 0.38(59) 0.42(66)
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Fig. 1. Partial level diagram and multiphoton
transitions. (A) Two-photon transitions are
driven between rovibrational states with (v,.L) =
(0,3) and (9,3) in the 1sc electronic ground
state of HD*. State-selective dissociation of the
v =9 population is induced through excitation
to the antibonding 2pc electronic state by a
532-nm photon. (B) Spin-averaged transition
frequency (vsa) and hyperfine structure (not to
scale) of the levels involved in the two-photon
transition, as well as graphical definitions

of the frequencies and detunings of the electro-
magnetic fields driving transitions between
them. (C) Graphical definition of the hyperfine
intervals in the two-photon transition.

Fig. 2. Spectra of the two-photon tran-
sition at 415 THz. (A) Spectra of the F = 0
transition at various levels of the rf power
(Py). Lorentzian line fits are shown along
with 68% confidence level bands. Each data
point represents the mean of a set of
(typically) nine individual measurements,
with error bars indicating SEM. (B) Spectral
data and Lorentzian line fits for the

F =1 transitions at two different values of
the 532-nm laser intensity (/). (C) Fitted
line centers of the F = O transitions
[corrected for systematic shifts (22)] shown
in (A) are additionally used to check for a
possible quasi-resonant ac Zeeman shift

by fitting a linear model and extrapolating to
P =0 mW. The fit (dashed blue line) implies
no significant shift. The zero-field F = 0
frequency and uncertainty are indicated by
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the red horizontal line and pink bands, respectively. (D) F = 1 line-center frequencies from the fits shown in (B), after correction for systematic shifts (22). The purple
line and bands indicate the weighted mean and uncertainty, respectively.

deuteron (I), and electron (s.), as well as the
molecule’s rotational angular momentum (L)
(24). The spins are coupled to form resultant
angular momenta F =s. + I, and S = F + I4
and are finally coupled with L to form the
total angular momentum J = S + L. We ob-
served transitions (v,L; F,S,J ): (0,3; 1,2,5)—(9,3;
1,2,5) (here referred to as the “F = 1 transi-
tion”) and (v,L; F,S,J): (0,3; 0,1,4)—(9,3; 0,1,4)
(the “F = 0 transition”); see Fig. 1B.

To record a spectrum, we kept the 1442-nm
laser frequency (vp) (with F = 0,1; see Fig.
1B) at a fixed detuning (87 from resonance
to avoid excessive population of the inter-
mediate v = 4 state (21, 22). Meanwhile, we

Patra et al., Science 369, 1238-1241 (2020)

stepped the 1445-nm laser frequency (v'z) in
intervals of 2 kHz over the range of interest
(Fig. 1B). At each step, we let all lasers inter-
act with the HD" ions for 30 s, after which we
determined the cumulative loss of HD* and
added the resulting data point to the spec-
trum (22). A typical spectrum covers a span
of 40 to 60 kHz, with an average of nine
points per frequency and with the 180 to 270
data points acquired in random order over
~10 measurement days. The signal-to-noise
ratio of the F = 0 spectrum turned out to be
lower than its ¥ = 1 counterpart, which we
attribute to a smaller available population
in the initial state and slower repopulation

4 September 2020

by blackbody radiation (21). To increase the
F = 0 signal, we applied two radio frequency
(rf) magnetic fields to drive the population
from the (F,S,J) = (1,2,5) and (1,2,4) states of
the v = 0, L = 3 hyperfine manifold to the
(F,S,J) = (0,1,4) states (see Fig. 1B and fig.
S1) (22). Recorded spectra of the F = 0 and
F =1 transitions are shown in Fig. 2.

The interpretation of the recorded spectra
requires analysis of several systematic effects
that affect line shape and position (22). We
exploit the good theoretical accessibility of
the HD* molecule (25), which allows a priori
estimation of these effects. Zeeman and Stark
effects are calculated to shift the ¥ = 0 and
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Fig. 3. Implications for the values of A

physical constants. (A) Comparison
between vsa oxp and theoretical frequencies
Vsatheo (k) obtained for the indicated
combinations of physical constants, k.
Arrows represent the cumulative frequency
shift introduced by consecutively replacing
the CODATA-2014 values of my/me (blue),
rp (yellow), rg (purple), R« (green), and
mq/me (gray) with their counterparts

of the set k. Error bars indicate

1o uncertainty. (B) Values and uncertainties
of my/me from this work (blue data
points) compared with measured mj values
from other sources, which were converted
to values of my/m, through division by m,
(CODATA-2018). The lowermost blue data B
point represents the value derived in (C).
Dashed lines and shaded areas represent
CODATA values and their +1c ranges,

with brackets indicating which of the
measurements shown were included in

the respective CODATA adjustments.

Error bars indicate 1o uncertainty.

(C) Simultaneous constraint on mp/me
and mg/my, from HD™ and recent
independent measurements of these
quantities, leading to new values of my/m,
and mq/m, (blue dotted lines) and the
corresponding lo-constrained region

(white ellipse).

F =1 lines by as much as 0.5 kHz through
level shifting and line-shape deformation (22).
The expected two-photon power broadening
and interaction-time broadening from the
9 x 10 s7! rate of dissociation of molecules
in the v = 9 state (2I) satisfactorily explain
the observed linewidths of 8(3) kHz (number
in parentheses denotes uncertainty). In addi-
tion, we experimentally investigated a num-
ber of systematic effects, yielding results
consistent with the theory-based estimates
(22). The sizes and uncertainties of leading
systematic effects are listed in Table 1.

As shown in Fig. 2, Lorentzian line shapes
are fitted to the spectra to determine their
respective line centers with 0.6- to 0.7-kHz
uncertainty. These are subsequently corrected
for systematic frequency shifts and combined
to arrive at the F = 0 and F = 1 transition fre-
quencies: Vypo.exp anNd Vipgexp (22) (see Fig. 2,
C and D, and Table 2). These frequencies are
related to the spin-averaged (i.e., pure rovibra-
tional) frequency (vs) through the relations
Vsa = Varo ~ Joc and vsa = var - fie (f; hyper-
fine shift) (Fig. 1C). Because only v, depends
directly on the values of the physical con-
stants of interest, we need to determine and
correct for the hyperfine shifts f;. ~ -63 MHz
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Table 2. Experimental and theoretical transition frequencies and hyperfine intervals.
Uncertainties are given in parentheses and justified in detail in (22). The uncertainties of hyperfine
intervals include an expansion factor of ~2. During data acquisition and in Fig. 2, theoretical
frequency values (VHrotheo aNd Vi1 theo) Pased on CODATA-2014 constants were used as offset
values. All other theoretical frequency values were obtained from CODATA-2018 physical constants.

Symbol Value (kHz)

VHFOtheo 415,265,040,466.8

VHFLtheo 415,264,862,219.1

VHFO.exp 415,265,040,503.6(0.6)
VHFLexp 415,264,862,249.2(0.7)
foc theo 114,999.7(1.9)
fic theo —63,248.0(2.1)
fiotheo 178,247.7(3.3)
fioexp 178,254.4(0.9)
VSAtheo 415,264,925,496.2(7.4)
VSA exp 415,264,925,500.5(1.2)

*Offset values based on CODATA-2014 constants (included for completeness).

and f. = 115 MHz to derive vgy. We take the
hyperfine intervals fociheo and fictheo from
theory (22, 24, 26) and compute vsa cxp aS
the mean of Viroexp ~ Soc,theo a0d VHFLexp —
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Jictneo (22). In this process, we expand the
uncertainties of the theoretical hyperfine
intervals by about a factor of 2 (22) so that
the theoretical hyperfine interval (fio theo)
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becomes consistent with its measured counter-
part (in,eXp = VHFoexp ~ V}[F‘l,exp) (Table 2) We
thus find vga exp = 415,264,925,500.5(0.4)cxp,
(1-1)the0(1~2)t0ta1 kHz.

Our experimental frequency vsa ey, €xceeds
the theoretical frequency vsa theo (CODATA-
2014) = 415,264,925,467.1(10.2) kKHz by 33.4 kHz,
or 3.3c, when we use CODATA-2014 physical
constants to compute vsa tneo (22, 27). The un-
certainties of these constants dominate the
10.2-kHz uncertainty rather than the 3.1-kHz
precision of the theoretical model—e.g., m,/m,.
contributes 9.0 kHz (fig. S3) (22). Using known
sensitivity coefficients (17, 22), we can also
compute other theoretical frequency values,
Vsatheo (K), for other combinations (labeled %)
of values of physical constants. For example,
a more precise value is obtained by use of
CODATA-2018 constants: vga theo (CODATA-
2018) = 415,264.,925,496.2(7.4) kHz. This state-
of-the-art value is shifted by 29.1 kHz with
respect to the CODATA-2014 value (Fig. 3A)
and essentially closes the 33.4-kHz gap with
our experimental value (vgaexp). Figure 3A
furthermore shows that most of the 29.1-kHz
shift stems from the smaller CODATA-2018
value of m;,/m.. A smaller part, 5.1 kHz, is due
to the CODATA-2018 updated values of 7, 74,
and R., which are essentially equal to the
muonic hydrogen values (3, 28). The 5.1-kHz
shift, which is four times as large as our ex-
perimental uncertainty and comparable to the
current theoretical precision, therefore reveals
the impact of the proton radius puzzle on mo-
lecular vibrations. We obtain even better pre-
cision (5.5 kHz) and agreement after replacing
the CODATA-2018 value of m,/m. with that
from (71, 12), this time leading to a 31.2-kHz
shift (Fig. 3A).

We may also invert the procedure and de-
rive a new value of m;/m,. from the difference
Vsaexp ~ Vsatheo (K); see Fig. 3B. Using vga theo
(CODATA-2018), we obtain my/m. (HD*) =
1,836.152673349(71), which is slightly more
precise than, and in excellent agreement with,
the value of m,/m. from (12). Because vga theo
is also sensitive to the deuteron-proton mass
ratio (22), one may alternatively extract a two-
dimensional constraint in the (my,/me, ma/m;,)
plane (Fig. 3C). Our result is in good agree-
ment with both m,,/m, from (2) and the recent
value of mga/my, (I14), assuming CODATA-2018
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values of 7, 74, and R.. This justifies a deter-
mination of m,/m, from the combination of
all three results shown in Fig. 3C, leading to a
value of 1,836.152673406(38) (lowermost point
in Fig. 3B) which, at 21-ppt precision, repre-
sents the most precise determination of this
quantity to date. The data shown in Fig. 3C can
furthermore be combined with the CODATA-
2018 value of m, and the value of my, from (15)
to obtain the atomic mass difference 7z, + mq -
my, = 0.00589743254(12) u (where u is the uni-
fied atomic mass unit). The same quantity has
previously been determined from the measured
mass ratio “He*/HD" (13), leading to m,, + mq -
my, = 0.00589743219(7) u. The two results differ
by 0.35(14) nu, or 2.56. We thereby confirm the
“*He puzzle,” a term used to describe similar
deviations of 0.48(10) nu (4.8c) and 0.33(13) nu
(240) reported earlier (13, 14).

Our work establishes precision spectros-
copy of HD*, combined with ab initio quantum
molecular calculations, as a state-of-the-art
method for determining fundamental mass
ratios. It furthermore provides a link between
mass ratios and other physical constants, such as
R., and sheds light on the large deviations seen
between recent determinations of their values.
‘We anticipate that our results will have a notable
impact on the consistency and precision of fu-
ture reference values of physical constants and
will enhance the predictive power of ab initio
calculations of physical quantities.

Note added in proof: In a recent and inde-
pendent study by Alighanbari et al. (29), a value
for the proton-electron mass ratio comparable
to ours was obtained from rotational spectros-
copy of HD™.
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A very precise ratio

The value of the ratio of the masses of the proton and the electron has a bearing on the values of other physical
constants. This ratio is known to a very high precision. Patra et al. improved this precision even further by measuring
particular frequencies in the rovibrational spectrum of the hydrogen deuterlde molecular ion (HD *) (see the Perspective
by Hori). To reach this high precision, the researchers placed the HD * molecules in an ion trap and surrounded them by
beryllium ions. The cold beryllium ions then helped cool the HD * molecules, making the HD* spectral lines narrow
enough that the proton-electron mass ratio could be extracted by comparison with theoretical predictions.

Science, this issue p. 1238; see also p. 1160
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