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Chaja Baruch R Bryan Changala 2 Yuval Shagam 2% and Yotam Soreql‘§
lPhysics Department, Technion—Israel Institute of Technology, Haifa 3200003, Israel
*Center for Astrophysics | Harvard & Smithsonian, Cambridge, Massachusetts 02138, USA
3Schulich Faculty of Chemistry, The Helen Diller Quantum Center and the Solid State Institute,
Technion—Israel Institute of Technology, Haifa 3200003, Israel

® (Received 23 February 2024; accepted 8 August 2024; published 13 September 2024)

The searches for CP violating effects in diatomic molecules, such as HfF™ and ThO, are typically
interpreted as a probe of the electron’s electric dipole moment (¢EDM), a new electron-nucleon interaction,
and a new electron-electron interaction. However, in the case of a nonvanishing nuclear spin, a new CP
violating nucleon-nucleon long-range force will also affect the measurement, providing a new inter-
pretation of the ¢eEDM experimental results. Here, we use the HfF™ ¢EDM search and derive a new bound
on this hypothetical interaction, which is the most stringent from terrestrial experiments in the 1 eV-10 keV
mass range. These multiple new physics sources motivate independent searches in different molecular
species for CP violation at low energy that result in model independent bounds, which are insensitive to

cancellation among them.
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Introduction—Notwithstanding its great success, the
standard model (SM) is not a complete description of
nature and should be extended by physics beyond the
standard model (BSM), which is well motivated both by
observational evidence and strong theoretical arguments,
see, e.g., [1]. New physics (NP) sources of CP violation
(CPYV) naturally appear in a variety of extensions of the SM
and may be related to baryogenesis. Low energy BSM
searches, e.g., [2], can probe these effects. In particular,
CPYV searches are sensitive to multiple NP effects, e.g.,
electric dipole moments (EDMs) [3-8]. Focusing on
electron EDM (eEDM) searches in diatomic molecules,
NP CPV can arise not only in the form of the ¢eEDM, but
also as a new CPV electron-nucleon (eN) or electron-
electron (ee) interaction [9—12]. To date, the most stringent
¢EDM bound is |d,| < 4.1 x 1073° ¢ cm [13,14], assuming
no other CPV sources. This can be translated to new
physics at the scale of O(10 TeV).

In this Letter, we point out that a new CPV nucleon-
nucleon (NN) long-range force mediated by a spin-0
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particle contributes to the ¢eEDM frequency channel and
that this effect is probed by measurements in diatomic
molecules, in the case where one or both of the nuclei of the
diatomic molecule have nonzero spin. This presents a set of
models that are probed by reintepreting the current eEDM
results. In addition to the eEEDM, CPV can arise from long-
range forces between electrons and nuclei, such that there
are four NP CPV sources, namely, d,, eN, ee, and NN. To
constrain these four CPV sources, at least four independent
measurements are required.

The three most sensitive ¢EDM searches in molecules
are the JILA HfF" search [13], the ACME ThO search [15],
and the Imperial College London YbF search [16,17]. Only
the first and last include nuclei with nonvanishing spins and
are sensitive to NN. We utilize these three searches to
derive novel bounds on three NP CPV sources, i.e., d,, eN,
and NN. We note that ee contributes to d, and directly
through the measured frequency channel. The interaction
can be also probed by atomic EDM searches [9] with
decent precision. We neglect it here for simplicity and leave
this comparison for future work. Our result is the most
constraining bound on NN from terrestrial experiments,
improving current constraints by up to 6 orders of magni-
tude in the 1 eV-10 keV mass range. Because the YbF
¢EDM bound is weaker by O(100) compared to the other
¢EDM searches sensitive to NN, the upcoming ThF"
experiment [18], which also contains one nucleus with
a nonzero spin, is further motivated and will lead to a
100-fold improved sensitivity. Astrophysical bounds from
stellar cooling [19,20] and neutron stars [21] are stronger
by 2-3 orders of magnitude, see also [22]. However, these
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astrophysical bounds are subject to large systematic uncer-
tainties and moreover, can be avoided in certain models,
see below.

Long-range CPV force—We consider a new spin-0
particle, ¢, with mass my and both scalar and pseudoscalar
couplings to fermions. The effective couplings between ¢,
the nucleons, N = n, p, and the electrons are given by

LinC Y ¢<g‘s”v7w+i9‘f>'v‘/7sw), (1)

w=e.p,n

and can be mapped to UV models. For example, see [23]
and [24,25] for a recent review on the CPV axion. If ¢ is
the QCD axion the expected CPV is too small to be
observed, see, e.g., [26,27]. Another example is relaxion
models [28-30], which induce a CPV light scalar as a result
of mixing with the SM-Higgs boson.

The effective couplings from Eq. (1) are constrained both
by terrestrial experiments and astrophysical observations,
see, e.g., [22,31]. For o < 10 keV, the most stringent
bounds on the effective coupling come from stellar cooling
gy < 6.5 x 10713 [19], see also [20], from cooling of hot
neutron stars (gi, gh) < (1.3,1.5) x 107 [21] and from
SN1987 gi < 6.0 x 1071° [32]. It has been suggested that
the SN1987 bound faces substantial uncertainties, casting
doubt on its robustness [33]. All of these astrophysical
bounds can be avoided in models that are subject to
environmental effects, see, e.g., [34-39] and discussion
in [22]. Additionally, the constraints we set in this work are
weaker only by 2-3 orders of magnitude compared to the
astrophysical constraints. Moreover, at the one-loop level,
the scalar and pseudoscalar proton couplings contribute to
the scalar-photon and pseudoscalar-photon couplings.
Following Ref. [40] to translate the strongest bounds on
these photon couplings, we obtain a bound of O(107'¢) on
gsgp. In this case, globular cluster bounds [41] are subject
to the same ambiguity as mentioned above.

Considering terrestrial experiments, the most stringent
bounds arise from the proton and neutron EDMs, |d,| <
21x10% ecm  [42] and |d,| <1.8x 1072 ecm
[43,44], respectively. Following Ref. [25] and assuming
my < GeV, the bounds on the effective couplings of
Eq. (1) are gigh < 8.4 x 107'% and gigh < 1.0 x 10710,
Additional bounds via pion nucleon coupling lead to
95" gp” < 107 — 10711 [45]. For my < eV there are very
stringent bounds from searches with macroscopic objects,
e.g., [46-50], see discussion in [22]. The scalar and
pseudoscalar couplings can be separately probed by CP
conserving observables, such as molecular vibrational
modes, e.g., [51,52] and rare kaon decays, e.g., [53].
The combined strongest laboratory bounds on the scalar
coupling, from neutron scattering [54—57], and pseudoscalar
coupling, from molecular HD [58], together give a con-
straint of g¢gp < 1.0 x 107! for my <1 eV and gigh <
1.0 x 107 — 10~ for the keV range. For additional bounds,

see, e.g., [59]. Bounds on the CPV scalar-photon coupling
can be found in, e.g., [60]. They can be reinterpreted as a
bound on the proton coupling and the terrestrial bounds are
found to be weaker than other relevant bounds in the
keV range.

The effective monopole-dipole potential between two
nuclei i and j is given by [61-63]

13? 1 e My
Vsp(r)za,;z‘iTNGer(/,) pant (2)

where 6; are the Pauli matrices that follow the spin of the
valance nucleon, my = 939 MeV is the average nucleon

mass, and 7 is the internuclear axis of the molecule. The NP
interaction strength is defined

ay = —% (Z'gs + N'g8)(Bpgp + Bigp),  (3)
where Z(N") is the number of protons (neutrons) in nucleus
i. The relation between the nucleus and the nucleon spins, as
well as the proton-neutron mass difference, is encoded in
B{;, » [62,64,65], see Supplemental Material [66]. Since for
molecules r ~ 107'°m, a ¢ with m, < 2 keV will induce a
long-range force at the molecular scale.

Nucleon-nucleon long-range CPV force in diatomic
molecules—Here we briefly describe the recently reported
¢EDM measurement using trapped HfF™ molecules
[13,14], which we use as an example to illustrate the
effect. The measurement is focused on the 3A,, J =1,
F =3/2 science state. Leveraging the 3A, state’s Q
doubling, the state is polarized by a rotating electric field
to form states of well-defined orientation, called the upper
and lower doublets, denoted by Qmp = +3/2, sece
Fig. 1(a). Here Q = 41 denotes the quantum number of
the projection of the electronic angular momentum,
J =L+ S =1, onto the internuclear axis in the molecule
frame and m is the quantum number of the projection of
the total angular momentum including nuclear spin,
F =J 41, in the rotating frame. A bias magnetic field
is aligned or anti-aligned with the electric field to lift the
remaining degeneracy between the mp = +3/2 states of
both Qmj; = £3/2 doublets, Fig. 1(b). In total there are
four relevant states, |Q, my) = |+1, +3/2).

The energy of each state is a sum of a common energy
shift (E), a state dependent Stark shift (Eg), Zeeman shift
(Ez) and a CPYV shift (Ecpy), which includes the ¢eEDM
and other NP effects. In total, we can write

EQ-,mF - E() + ES + EZ + Ecpv. (4)

The signs of Eg, E7, and E-py are proportional to the signs
of Qmy, mgB, and Qm?%, respectively, where By is the
magnetic field. The sign of the Stark shift follows the
orientation of the molecule axis relative to the rotating
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FIG. 1.

The splitting of the energy levels,

Q, mp), is shown when applying an electric field in (a), a parallel electric and magnetic field

in (b) and the additional shift due to Ecpy, i.e., eEEDM, NN, and eN, is shown in (c). The relative directions are illustrated in (d).

See main text for details.

frame, which is defined by the rotating electric field.
The Zeeman shift follows the orientation of the electron
spin relative to the rotating frame, which is aligned with
the magnetic field. The CPV is proportional to both
Qmp x mg, ie., to the product of the external electric
and magnetic fields.

In an example iteration of the experiment, the molecules
are prepared in the |+1,+43/2) states. A Ramsey spin-
precession measurement is conducted between the myp =
+3/2 and —3/2 states for the two doublets with the results
measured separately. Here E, and Eg are common to the
mp = +3/2 states and are canceled to leading order where
residual effects are suppressed. For a positive Epy, the two
states my = +3/2 with opposite € move closer together
(farther apart) in lower, Qmy = —3 (upper, Qmy =3)
doublets, Fig. 1(c). The doubly differential measurement
between the results for the two doublets as well as the
aligned and antialigned magnetic fields is used to iso-
late the CPV effects. Thus, under (By,mp,Qmg) —
(—By, —mg, —Qmy) (or in other words, the fpp channel)
we are left with

E o (E+1,+§ - E—l,—%) - (E—1,+% - E+1.—%) (5)
CPV = 4 ,

and the sign of B( is same as the sign of my. The
measurements from other experimental switches are

averaged to suppress sources of systematic uncertainty,
which are not written in Eq. (4) for simplicity.

The principle of the measurement illustrated above is
common to all eEEDM experiments such as HfF, ThO, and
ThF* where Q doubling is in effect. In other cases such as
YDF, the electric field direction is switched instead of
comparing doublet states. In all these cases, fully stretched
states of the total angular momentum F are used to orient
the ¢eEDM with respect to the molecule, whose strong
internal electric fields polarize to the electron. This effec-

tive electric field, éeff, points along the 7 direction, i.e.,
7~ Qmpg. This means that any nonzero nuclear spin,
namely, that of '°F (I = 1/2), will be oriented with both
the ¢eEDM and the internuclear axis.

Next, we describe why this measurement is also
sensitive to the CPV NN interaction. In the eEDM
experiment, the polarizing electric field E,, is parallel or
antiparallel to the magnetic field B,,. Moreover, for
F = 3/2, the nuclear spin of fluorine must be oriented
with J. Thus, for the fully stretched m states the nuclear
spin points along the internuclear axis and against the
electron spin. ~

More explicitly, the energy shift of the eEDM o (€ -
d,) « (#-8) o (#-T)  Vps of Eq. (2) for each of the 4
states with / the nuclei spin. Therefore, the effect of
Eq. (2) behaves as Vpg o (7 1) & Qmp X mp o« Qm?.
This means that for the upper (lower) doublet the states
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TABLE L.
Wy and Wy, are given in the limit of m, < keV.

Summary of eEDM measurements and the parameters relevant to computing the NN coupling effect.

Molecule Feq [A] W4, [uHz] W [uHz/e cm] 7 [uHz] El,, [uHz]

IS0 fE+ 1.81 [68] 1.55 x 10" 5.55 x 10°° [10] 1.16 x 102 [9] —7.34+11.9 [13]
22ThO 1.84 [69] - 1.91 x 103! [10] 1.03 x 10?2 [9] 81.24+77.2 [15]
174y bF 2.02 [69] 1.24 x 107 =3.12 x 10% [10] 2.21 x 10?% [9] 748.7 £ 1810.5 [16]
22ThF+ 1.99 [70] 1.28 x 107 9.02 x 10%° [71] 045 (projection) [18]

mp = +3/2 move closer together (farther apart) in
energy due the Vpg interaction for g§ gy > 0, which is
exactly the (7 -violating) behavior of the e¢EDM
and their contributions to the Ecpy energy cannot be
distinguished. The splitting of the energy levels
when applying electromagnetic fields is shown in
Figs. 1(a)-1(b). Therefore, in addition to d,, and CPV
in eN and ee interactions [9-11], the diatomic ¢EDM
searches can be affected also from NN CPV long-range
forces as captured by the potential of Eq. (2).

The four relevant CPV sources in the diatomic molecule
ij can be written as

Elpy, = Wd d, + WY N% + Wee% + WNN%, (6)

where the eN, ee, and NN contributions are functions of
my, ﬁ/) (ZigE + Nigt)gs/4n, and aff = gigs/4n. The
WNNa is the new CPV nucleon-nucleon interaction due to
the potential in Eq. (2). The relevant W'’s are summarized
in Table I with other experimental values, see also [11] for
WHF" and WHF" . Since the ee interaction can be directly
probed by atomic systems, e.g., [9], and contributes also to
the ¢eEDM, we neglect it below, but it is straightforward to
include. We note that the eV interaction can also be probed
by atomic systems, see, e.g., [9,67].

TABLE II.

The nucleon-nucleon interaction function can be esti-
mated by using first-order perturbation theory

. Vv T 1 e«
Wiy = < §P> ; - o) (—+m¢> . (7)
a (; 2imy Feq Teq
where re, is the equilibrium distance between the two

nuclei and (G, - 7.q) is the nuclear spin expectation value on
the internuclear axis for the state. In the fully stretched state
(maximal angular momentum), (6; - 7,) = 1. Although we
have taken the internuclear distance to be fixed to its
equilibrium value, we have verified, using the Morse
anharmonic potential, that the correction from consider-
ation of the nuclear vibrational wave functions of the
ground state is at the few percent level for most of the
relevant m, range and at most O(1) for the high masses.

To further emphasize the importance of the NN effect
and encourage future CPV measurements in new mole-
cules, we estimate the possible limit that will likely be set in
the mature ThF™ measurement, assuming that a value
consistent with zero is found. To predict the limit for
ThF*, we use the description in [18] to achieve a
conservative estimate of the expected precision assuming
a shot noise limited measurement. Reference [18] predicts a
coherence time of 20 s and Ref. [72] reports 10 ions
counted per shot on the side of the fringe in both doublets in

Summary of results, with 90% C.L. The columns indicate which interactions are switched on, see

Eq. (6). The rows indicate the relevant couplings, for: only proton coupling (a), only neutron coupling (b), or equal
proton and neutron couplings (c). For the ¢EDM the results for (a), (b), (c) differ by less than 10 percent.

Measured Projection
(HfF, ThO, YbF) (HfF*, ThO, YbF, ThF*)
NN NN.d, NN.d,,eN NN NN.d,

(@ ghgh 2.8 x 10717 7.6 x 10717 3.8x 1071 8.8 x 10718 7.1 x 10717
(®) g59p 2.5 x 10710 6.8 x 10716 3.1x 10714 7.6 x 10717 6.6 x 10716
©) g2 gb" 12 x 10777 3.3 x 107" 1.6 x 10715 3.7 x 10718 3.1 x 107"
d, 1.1x107% 3.6 x 10728 8.5 x 10730
(@) 9595 8.3 x 10720

(b) gsgp 54 x 10720

© 95" g5 3.3 %1072
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FIG. 2. The bounds on long-range nucleon-nucleon CPV
interaction for only proton interaction (a), only neutron inter-
action (b), and both proton and neutron interaction (c). Bounds
from neutron and proton EDMs [25], from '"’Hg [45], as well as
the combined strongest laboratory bounds on the scalar coupling,
from neutron scattering [54-57], and pseudoscalar coupling,
from molecular HD [58], are also shown. Projected bounds due to
a future ThF™ measurement are plotted in dashed lines.

a comparable measurement system. We also assume the
fringe contrast is 0.55 as was found for HfF* [13] due to the
similarities between the two systems. If a total of 600 h of
data as in Ref. [13] are taken using the conveyor belt of ion
traps architecture mentioned in Refs. [18,72], which would
allow for a 10 Hz repetition rate, a total of 10® ions will be
detected neglecting dead times and early time phase
measurements. Using these parameters we predict a stat-
istical uncertainty of ~5 pHz which we use for the
projection here, see Table I.

Results—To set bounds on the couplings under consid-
eration in this work, we use the measured frequency shift of
HfFf, ThO, and YbF. Additionally, we give projected
bounds when considering the future ThF™ measurement.
This improves the sensitivity for the scenario in which all
interactions are turned on by nearly 2 orders of magnitude.

We first consider the case of only the NN interaction and
set the other CPV sources to zero. As there is only one
unknown, namely, g5 g8, it is sufficient to use only one
eEDM measurement, the JILA HfF". We take into account
three representative cases that illustrate the importance of
the different coupling constants; ¢ interacts (a) only with
protons, g4 = g = 0; (b) only with neutrons, g = gh = 0;
and (c) equally with protons and neutrons, g5 = g¢ and
gp = gi. The resulting 90% confidence limit (C.L) upper
bounds for mj, < keV are given in Table II, and bounds as
a function of my, are plotted in Fig. 2. This results in the
strongest terrestrial bounds, to the best of our knowledge.
For example, the bounds from the proton and neutron
EDMs are weaker by at least 6 orders of magnitude.
However, astrophysical bounds from stellar cooling are
stronger by 3 or 4 orders of magnitude but are subject to

L5 leV < my < 10 keV

1.

&7 05
=

= 0.
ZAa,
ZQ

& —0.5

—1.

—1.5

-5 0 5 10 15
d. [107* ¢ cm]

FIG. 3. The allowed region in the d,—NN plane, when setting
the electron-nucleon interaction to zero (aﬁ,f =0), for 1 eV <
my << 10 keV. The solid lines are derived from measurements of
HfF™ and ThO, and the dotted lines are derived from the
measurement of HfF" and the projection of ThF'. All three
cases are plotted here, as indicated in the plot. Note that for (b),
we rescaled the contour by a factor of 10 along the g§ g5 axis.

different systematics and are model dependent, see the
above discussion.

Second, we consider d, and NN as CPV sources and
assume vanishing ¢p—e couplings. In this scenario, we probe
d, and g¥ g§. Profiling with respect to each parameter and
taking the mj, < 10 keV limit, the 90% C.L. intervals are
given in Table II. The allowed region in the g} gy —d, plane
is shown in Fig. 3, with solid lines for the measurement
result and dashed lines for the projection. The translated
bounds for the aforementioned cases, (a),(b),(c), are given
in Table II.

Third, we consider three CPV sources, d,, NN, and eN.
For simplicity, we take the limit of mj < keV, generali-
zation for higher mass is straightforward. Profiling each
time on the other parameter, the 90% C.L. intervals are
given in Table II. The allowed regions in the gg”g¢—d,,
gs"gp’—d, and g5” gi—gs’ gp'” planes can be found in the
Supplemental Material [66].

Conclusions—In this work, we point out that the eEDM
searches in diatomic molecules, composed of at least one
nucleus with a nonvanishing spin, are sensitive to new long-
range CPV nucleon-nucleon interactions, thus, proposing a
new set of NP models that can be probed with ¢eEDM
searches. Based on the eEDM searches in HfF ", ThO, and
YbF, we have derived novel bounds on such a hypothetical
interaction mediated by a spin-0 particle with scalar and
pseudo-scalar couplings to nucleons. The resulting bounds
are the most stringent obtained from laboratory experi-
ments, improving existing limits by 6 orders of magnitude
in the 1 eV-10 keV mass range. For example, we show that
in the presence of eN and NN the bound on the d, will be
weaker by 2 orders of magnitude compared to the simple
case of only ¢EDM as a source of CPV. We project that
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adding the expected ThF™ measurement will improve the
sensitivity by about 2 orders of magnitude.

There are two questions left for future work which we
note. For eEDM searches using polyatomic molecules that
rely on / doubling, the sensitivity to the NN effect needs to
be determined from the direction of the nuclear spin, e.g.,
[73,74]. ¢éEDM searches on excited rotational and vibra-
tional states can vary the magnitude of the NN interaction
contribution providing more information within a single
molecule to isolate the effect.
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