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Recent mass measurements of light atomic nuclei in Penning traps have indicated possible inconsistencies
in closely related physical constants like the proton-electron and deuteron-proton mass ratios. These
quantities also influence the predicted vibrational spectrum of the deuterated molecular hydrogen ion in its
electronic ground state. We measure the frequency of the v= 0—9 overtone transition of this spectrum
with an uncertainty of 2.9 parts-per-trillion through Doppler-free two-photon laser spectroscopy.
Leveraging high-precision ab initio calculations we convert 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 an unprecedented precision of 21 parts-per-trillion for

the value of the proton-electron mass ratio.

Precision 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., whose value depends strongly on
measurements 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 intervals in atomic
hydrogen-like systems (1, 2). It is desirable to perform such
determinations of physical constants redundantly using
different systems and methods, as this provides a crucial
cross-check for possible experimental inconsistencies or new
physical effects beyond our current understanding of nature.
This is illustrated by the “Proton Radius Puzzle,” a 5.6c
discrepancy between the value of 7, obtained from muonic-
hydrogen spectroscopy and the 2014 Committee on Data for
Science and Technology (CODATA-2014) reference value (1,
3). Progress toward solution of the puzzle was made after
most of the recent 7, determinations 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 measurements is indicated for
myp/m. — an important dimensionless quantity which sets the
scale of rotations and vibrations in molecules - since recent
Penning-trap measurements of the relative atomic masses of
light atomic nuclei (including those of the proton, m,,
deuteron, mq and helion, my,) differed by several standard

First release: 30 July 2020

WWWw.sciencemag.org

deviations from earlier results (8-15). For example, Ref. (11)
determined m, with 32 parts-per-trillion (ppt) precision,
three times higher than the then-accepted CODATA-2014
value, but also found it to be smaller by 3c (11, 12). The value
from (II) has been incorporated in the 2017 and forthcoming
2018 CODATA adjustments, but uncertainty margins were
increased by a factor of 1.7 to accommodate the difference (2).
This currently limits the precision of m,/m. (obtained by
dividing m, by the more precise CODATA-2018 value of m.)
to 60 ppt. This in turn diminishes the predictive power of ab
initio calculations of rotational-vibrational spectra of
molecular hydrogen ions (H,*, HD*) and antiprotonic helium,
which have achieved a precision of 7-8 ppt (16).

The high theoretical precision in principle enables an im-
proved determination of m,/m. from spectroscopy of molec-
ular hydrogen ions, which could shed light on this situation
(I7). Howeyver, this requires measurements with ppt-level un-
certainties, two orders of magnitude beyond state-of-the-art
laser (18, 19) and terahertz (20) spectroscopy of HD* and an-
tiprotonic helium. Here, we present a frequency measure-
ment of the (v,L): (0,3) — (9,3) vibrational transition in the
electronic ground state of HD* with 2.9 ppt uncertainty, sig-
nificantly more precise than the theoretical uncertainty. This
allows us to extract a new value of m,/m. with unprecedented
precision, while providing a cross-link to other physical
constants, which enables additional consistency checks of
their values.

(Page numbers not final at time of first release) 1

0202 ‘0€ AInr uo /610 Bewasualos aaualos//:dny wolj papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

We previously identified the (v,L): (0,3) — (4,2) — (9,3)
two-photon transition in HD* (Fig. 1A) as a promising candi-
date for high-resolution Doppler-free laser spectroscopy (21),
owing to the near degeneracy of the 1442 nm and 1445 nm
photons involved, and the possibility to store HD* ions in a
linear Paul trap while cooling them to 10 mK through Cou-
lomb interaction with co-trapped beryllium ions, themselves
cooled by 313 nm laser radiation. We showed that for coun-
ter-propagating 1442 nm and 1445 nm laser beams directed
along the trap’s symmetry axis, Doppler-free vibrational exci-
tation of HD* deep in the optical Lamb-Dicke regime may be
achieved. Thus, with a natural linewidth of 13 Hz, Q-factors
of >10" come within reach. We use phase-stabilized, contin-
uous-wave external cavity diode lasers at 1442 nm and 1445
nm possessing line widths of 1-2 kHz to vibrationally excite
cold, trapped HD* ions (22). Optical frequencies are meas-
ured with an uncertainty below 1 ppt using an optical fre-
quency comb laser, while two-photon excitation is detected
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 interactions between the spins
of the proton, I,, 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 + I and are finally coupled with L to form the
total angular momentum J = S + L. Here, we observe transi-
tions (v,L; F,S,J): (0,3;1,2,5) — (9,3;1,2,5) (henceforth referred
to as the “F = 1 transition”), and (v,L; F,S,J): (0,3;0,1,4) —
(9,3;0,1,4) (referred to as the “F = 0 transition”); see Fig. 1B.

To record a spectrum, we keep the 1442 nm laser fre-
quency, vr (with F = 0,1; see Fig. 1B), at a fixed detuning 65
from resonance to avoid excessive population of the interme-
diate v=4 state (21, 22). Meanwhile, we step the 1445 nm laser
frequency, v’s, in intervals of 2 KHz over the range of interest
(Fig. 1B). At each step we let all lasers interact with the HD*
ions for 30 s, after which we determine the cumulative loss of
HD", and add the resulting data point to the spectrum (22).
A typical spectrum covers a span of 40 to 60 kHz with on
average nine points per frequency, and with the 180 to 270
data points acquired in random order over the course of
about ten measurement days. The signal-to-noise ratio of the
F = 0 spectrum turned out to be lower than its F = 1 counter-
part, which we attribute to smaller available population in
the initial state, and slower re-population by blackbody radi-
ation (2I). To increase the F = 0 signal, we apply two radio-
frequency (rf) magnetic fields driving 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.
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The interpretation of the recorded spectra requires an
analysis of several systematic effects which affect the line
shape and position (22). Here we exploit the good theoretical
accessibility of the HD* molecule (25), which allows a priori
estimation of these effects. Zeeman and Stark effects are cal-
culated to shift the F = 0 and F = 1 lines by up to 0.5 kHz,
which occurs through level shifting as well as line shape de-
formation (22). Expected two-photon power broadening and
interaction-time broadening stemming from the 9 x 10% s!
rate of dissociation of molecules in the v = 9 state (21) satis-
factorily explain the observed line widths of 8(3) kHz. In ad-
dition, we experimentally investigated a number of
systematic effects, yielding results consistent with the theory-
based estimates (22). The size and uncertainty of leading sys-
tematic effects are listed in Table 1.

As shown in Fig. 2, Lorentzian line shapes are fitted to the
spectra to find their respective line centers with 0.6-0.7 kHz
uncertainty. These are subsequently corrected for systematic
frequency shifts, and combined to arrive at the F= 0 and F =
1 transition frequencies, vuro.exp, and variexp (22); see Fig. 2, C
and D, and Table 2. These frequencies are related to the spin-
averaged (i.e., pure rovibrational) frequency, vsa, through the
relations vsa = varo — foc and vsa = vam - fic (Fig. 1C). Because
only vsa depends directly on the values of the physical con-
stants of interest, we need to determine and correct for the
hyperfine shifts, fi. * -63 MHz and fo. = 115 MHz to derive vsa.
We take the hyperfine intervals, focmeo and ficmeo from theory
(22, 24, 26), and compute vsaexp as the mean of vuroexp — foc,theo
and Vurexp — fietheo (22). In this process, we expand the uncer-
tainties of the theoretical hyperfine intervals by about a fac-
tor of two (22), so that the theoretical hyperfine interval,
JSiomeo, Decomes consistent with its measured counterpart,
fio,exp = VHFoexp — VHFlexp (Table 2) We thus find VsAexp =
415,264,925,500.5(0.4)exp(1. Dtheo(1.2)totas KHZ.

Our experimental frequency vsaexp €xceeds the theoretical
frequency vsameo (CODATA-2014) = 415,264,925,467.1(10.2)
kHz by 33.4 KHz, or 3.30, when we use CODATA-2014 physi-
cal constants to compute vsameo (22, 27). The uncertainties of
these constants dominate the 10.2 kKHz uncertainty rather
than the 3.1 kHz precision of the theoretical model; m,/m. for
example contributes 9.0 kKHz (fig. S3) (22). Using known sen-
sitivity coefficients (17, 22), we can also compute other theo-
retical frequency values, vsameo (%), for other combinations
(labeled k) of values of physical constants. For example, a
more precise value is obtained by use of CODATA-2018 con-
stants, vsameo (CODATA-2018) = 415,264,925,496.2(7.4) kKHz.
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 vsaexp. Figure
3A furthermore shows that most of the 29.1 kHz shift stems
from the smaller CODATA-2018 value of mp/m.. A smaller
part, 5.1 kKHz, is due to the CODATA-2018 updated values of

(Page numbers not final at time of first release) 2

0202 ‘0€ AInr uo /610 Bewasualos aaualos//:dny wolj papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

7, Ta, and R, which are essentially equal to the muonic-hy-
drogen values (3, 28). The 5.1 kHz shift, which is four times
larger than our experimental uncertainty and comparable to
the current theoretical precision, therefore reveals the impact
of the Proton Radius Puzzle on molecular vibrations. We ob-
tain even better precision (5.5 kHz) and agreement after re-
placing the CODATA-2018 value of m,/m. with that from (11,
12), this time leading to a 31.2 KHz shift (Fig. 3A).

We may also invert the procedure and derive a new value
of my/me from the difference vsaexp — Vsameo (k); see Fig. 3B.
Using vsameo (CODATA-2018), we obtain mp,/m. (HD*) =
1,836.152 673 349(71) which is slightly more precise than, and
in excellent agreement with, the value of m,/m. from (12).
With vsameo being also sensitive to the deuteron-proton mass
ratio (22), one may alternatively extract a two-dimensional
constraint in the (mp/me., ma/m,) plane (Fig. 3C). Our result is
found to be in good agreement with both m,/m. from (72) and
the recent value of mqa/m, (14), assuming CODATA-2018 val-
ues of 7, 74, and R.. This justifies a determination of m,/m.
from all three results shown in Fig. 3C combined, leading to
avalue of 1,836.152 673 406(38) (bottommost point in Fig. 3B)
which, at 21 ppt precision, represents the most precise deter-
mination 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 (I5) to obtain the atomic mass
difference m, + mq - mn = 0.005 897 432 54(12) u. The same
quantity has previously been determined from the measured
mass ratio *He*/HD* (13), leading to m, + maq - mn = 0.005
897 432 19(7) u. The two results differ by 0.35(14) nu, or 2.5¢.
We thereby confirm the “°He puzzle,” a term used to describe
similar deviations of 0.48(10) nu (or 4.8c¢) and 0.33(13) nu (or
2.40) reported earlier in (13) and (14), respectively.

Our work establishes precision spectroscopy of HD*, com-
bined 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 future reference
values of physical constants, and enhance the predictive
power of ab initio calculations of physical quantities.
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Fig. 1. Partial level diagram and multi-photon 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 v = 9 population is induced through excitation to the
antibonding 2po 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, and graphical definitions of
the frequencies and detunings of the electromagnetic fields driving
transitions between them. (C) Graphical definition of the hyperfine
intervals in the two-photon transition.

www.sciencemag.org  (Page humbers not final at time of first release)

5

0202 ‘0€ AInr uo /610 Bewasualos aaualos//:dny wolj papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

First release: 30 July 2020

Fractional HD* loss >

Fractional HD* loss @

0.10F, , L | | " . 1 . . i Eos i
20 30 40 50 10 20 30 40 50 60 20 30 40 50 60
Vo * Vo ~ Vieo theo (KHZ) v + Vo ~ VHFg theo (KHZ) Vo * Vo ~ ViFo theo (KHZ)

(]
o

w
@
ap
1l
o

‘
F=1
1= 2.5 MWim?

0.30

0.20f==

w
&

o.10f ]
T . \ \ .
S0 0 10 20 30 40 10 20 30 40 50 0 50 100
Vi + VY = Vied theo (KHZ) V4 + V1 = VHEA theo (KHZ) Pt (mW)

VHF0,exp ~ YHFOtheo (KHZ)
w
2
T
1
1]
1
\
1
1 1
\
I —r 1
VHF1,exp ~ YHF1 theo (KHZ)
@
o

Fig. 2. Spectra of the two-photon transition at 415 THz. (A) Spectra of
the F = O transition at various levels of the rf power, P. 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 the error bar indicating the standard error of the mean. (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 =0
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 O mW. The fit (dashed blue
line) implies no significant shift. The zero-field F = O frequency and
uncertainty are indicated by 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.

www.sciencemag.org  (Page humbers not final at time of first release)

6

0202 ‘0€ AInr uo /610 Bewasualos aaualos//:dny wolj papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

1 Ve exp (this work)
[}
Veatheo (CEDATA-M) e

‘ Vsa theo (CODATA-18)

! — o

I

myjm r =2
mgm, __{ R

oo

Veameo (CODATA-18) + m /m, (Heifke (12))
—_——

mp’lma l’p Iy ;
I |
! mgimg __{ R, 1
L L ' L L 1 L 1 L L 1 1 L 1 L 1 L L ' L 1 1 L 1 L 1 '
-10 0 10 20 30 40
ven — 415,264,925 467 1 (kHz)
B C
- ‘ ' ' 160F
" Van Dyck (8)
! « 140F
] . ©
1 B t 9 -
: ergstrém (9) = o0k
: = I
1 Fink (14
! Solders (10) < 100} Tk (14)
! 3
| : CODATA-14 ~ 80f
Heile (12) S
H 2 60
2 sol
)
L CODATA-18 e
. 1 40F
This work + 1, 1y, R, my/m, (CODATA-18) a
§" 20
This work + fo T R, (CODATA-18) £ |
HH + mg/m, (Heille (12)) ol | ]
+ mym, (Fink (14)) . lHee(r2) LT
67.35 67.40 67.45 67.33 67.34 67.35

First release: 30 July 2020

(m/m, ~1,836.152 00) x 10° (m/m_ ~ 1,836.152 00) x 10°

Fig. 3. Implications for the values of physical constants. (A)
Comparison between vsaexp and theoretical frequencies vsateo (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 mp/me (blue), rp (yellow), rq (red),
R« (green), and ma/me (gray), with their counterparts of the set k. (B)
Values and uncertainties of m,/m. from this work (blue data points)
compared with measured m, values from other sources, which were
converted to values of mp/m. through division by m. (CODATA-2018).
The bottommost blue data point represents the value derived in (C).
Dashed lines and shaded areas represent CODATA values and their 1o
ranges, with brackets indicating which of the measurements shown were
included in the respective CODATA adjustments. (C) Simultaneous
constraint on mpy/me. and mq¢/m, from HD* and recent independent
measurements of these quantities, leading to new values of my,/m. and
ma/m,, indicated by the blue dotted lines, and the corresponding lo-
constrained region indicated by the white ellipse.
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Table 1. Leading systematic shifts and uncertainties. Shifts and their standard uncertainties (within parentheses) are
given in kHz. Their justification can be found in (22), as well as the complete error budget (table S2).

Description

F=0 transition

F=1transition

dc Zeeman effect

ac Stark effect 532 nm laser

ac Stark effect 1442 nm laser

ac Stark effect 1445 nm laser

Atomic frequency reference and ultrastable laser drift
Total systematic shifts

Uncertainty of fitted optical transition frequencies

Total systematic shifts + fitted optical frequencies

0.02(1)
0.41(10)
~0.06(1)
0.03(1)
~0.02(42)
0.38(43)
0.00(41)

0.38(59)

0.10(1)
0.46(11)
~0.01(0)
~0.11(3)
~0.02(42)
0.42(43)
0.00(51)

0.42(66)
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Table 2. Experimental and theoretical transition frequencies and hyperfine intervals. Uncertainties are given within
parentheses, and justified in detail in (22). The uncertainties of hyperfine intervals include the expansion factor of about
two. During data acquisition and in Fig. 2, theoretical frequency values viro theo aNd Vir1theo based on CODATA-2014 con-
stants were used as offset values; these are included for completeness and labeled with an asterisk. All other theoretical
frequency values are obtained using CODATA-2018 physical constants.

Symbol Value (kHz)

VHFOtheo ™ 415,265,040,466.8
VHFLtheo ™ 415,264,862,219.1
VHFOexp 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)

fio.theo 178,247.7(3.3)

flo.exp 178,254.4(0.9)

VSA theo 415,264,925,496.2(7.4)
VShexp 415,264,925,500.5(1.2)
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