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New sources of parity and time reversal violation are predicted by well motivated extensions of
the Standard Model and can be effectively probed by precision spectroscopy of atoms and molecules.
Chiral molecules have distinguished enantiomers which are related by parity transformation. Thus,
they are promising candidates to search for parity violation at molecular scales, yet to be observed.
In this work, we show that precision spectroscopy of the hyperfine structure of chiral molecules is
sensitive to new physics sources of parity and time reversal violation. In particular, such a study
can be sensitive to regions unexplored by terrestial experiments of a new chiral spin-1 particle that
couples to nucleons. We explore the potential to hunt for time reversal violation in chiral molecules
and show that it can be a complementary measurement to other probes. We assess the feasibility
of such hyperfine metrology and project the sensitivity in CHDBrI*.

I. INTRODUCTION

Discrete space-time symmetries such as parity (P),
charge-conjugation (C) and time-reversal (T) play an im-
portant role in fundamental physics. Well-known exam-
ples are the discovery of P violation (PV) in Cobalt-60
B-decay and of CP violation (CPV) in kaon decays, both
of which were milestones in the building of the Standard
Model (SM). However, despite its unparalleled success,
the SM cannot be considered a complete description of
Nature. Thus, new degrees of freedom that extend it are
required, see e.g. [1]. Moreover, new physics sources of
PV and CPV are predicted in many beyond SM (BSM)
scenarios and are, for instance, motivated by Baryogen-
esis.

Precision atomic and molecular spectroscopy is a pow-
erful tool to probe PV, CPV, and T violation (TV) ef-
fects from SM and new physics sources e.g., [2-12] and
see [13] for a review. To date, PV is observed at atomic
scales and smaller, but it is yet to be observed in molec-
ular systems. Chiral molecules, which are polyatomic
molecules with two distinguishable enantiomers, left (L)
and right (R), are promising candidates to observe PV
at molecular scales, induced by the electron-nuclei weak
interaction [14, 15]. Recent developments are expected
to reach the SM PV for the first time in vibrational spec-
troscopy e.g., [16-22] as well as nuclear magnetic reso-
nance spectroscopy [23]. In other attempts using rota-
tional spectroscopy [24, 25], the magnitude of the SM
effect is typically below the current achievable precision.
Chiral molecules may be utilized as a dark matter detec-
tors by a comparison of the L and R vibrational spec-
tra [26]. In this work, we investigate the potential of
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precision rotational and vibrational spectroscopy of chi-
ral molecules to serve as a probe of new physics sources
of PV and CPV without relying on the dark matter cos-
mological abundance.

New physics sources of PV can result from electron-
electron, electron-nucleon or nucleon-nucleon interac-
tions. The first two can be probed in electronic and/or
atomic systems, e.g. [27], while the latter cannot. Thus,
molecules are uniquely sensitive to new nucleon-nucleon
interactions with a typical range of an angstrom. Since
a parity transformation relates the two molecular enan-
tiomers, a comparison of them is a direct probe of PV,
eliminating the need for external electric or magnetic
fields. Moreover, the SM weak interaction contribution
to the molecular rotational structure is suppressed [14].
Therefore, the difference between the L and R hyperfine
spectra of chiral molecules is an excellent probe of new
PV nucleon-nucleon interactions with negligible SM con-
tribution. Thus, there is no need for any sophisticated
SM inputs. As we show below, precision spectroscopy of
chiral molecules can potentially probe parameter space
unexplored by terrestrial experiments of a new PV spin-
1 particle that couples to neutrons, or to neutrons and
protons with opposite coupling.

CPV or TV (we use them interchangeably as we as-
sume CPT) in molecules originates from several BSM
sources, among them electron and nucleon interaction,
the electron EDM (eEDM), modification of the pion cou-
pling and others, see e.g., [28-30] for more details. Here
we focus on the nucleon-nucleon interaction and show
that in order to hunt for this effect external magnetic and
electric fields are required. The current bounds from the
reinterpretation of the eEDM in diatomic molecules [31]
are stronger than the expected sensitivity for a new CPV
spin-0 state. However, the proposed measurement is
complementary to the current eEDM searches.

The rest of the paper is organized as follows. We
introduce our benchmark models in Section II. In Sec-
tion III we analyze the angular momentum hyperfine
structure of chiral molecules relevant to new physics



searches. In Section IV, we give the projection for the
CHDBrI' molecule, which has been discussed in the con-
text of searches for SM PV via vibrational spectroscopy
[18, 32, 33]. We conclude in Section V. The Appendix
contains technical details which are relevant to this work.

II. P- AND CP-VIOLATING FORCES

In this section we present our benchmark models for P-
and CP-violating forces. For PV we consider a new spin-1
particle, X,,, with both vector-and axial-vector couplings
to the SM fermions. The resulting low energy potential
includes a PV part, denoted as AV, see e.g. [34, 35].
For CPV (or TV), we consider a new spin-0 particle, ¢,
with both scalar- and pseudo-scalar couplings to the SM
fermions, which can induce a CP-violating potential. We
denote the low energy CPV potential as PS, see e.g. [34,
35].

A. Benchmark parity violating spin-1 model

We consider a spin-1 particle X,, with both vector
and axial-vector couplings to fermions, which induces a
parity-violating effect at the molecular scale. The effec-
tive couplings between X, the nucleons, N = n,p, and
the electrons are given by

Lis C Y XM (000t + g2 vnarst) - (1)

p=e,p,n

The effective couplings in Eq. (1) are constrained both by
terrestrial and astrophysical observations. At the molec-
ular scale, the relevant constraints are those for X, with
mx < 10 keV. Regarding terrestrial constraints, the
strongest bound on g% is set using the J-coupling in-
teraction in HD ¢ (¢% + ¢%) < 1.4 x 10718 for my <
keV [36]. The vector interactions g¢{; are constrained
by neutron scattering [37-40] and molecular vibrational
modes in HD e.g., [41, 42] g} (gt + g}) < 2.9 x 10710
for mx <« keV. (We do not consider bounds from
anomalous currents, e.g. [43, 44], which are model de-
pendent.) The P-violating proton-nucleon interaction is
also constrained by the nuclear anapole momemt of 3Cs
9itgX < 6.0 x 1078 [45] , see [46] for a new method to
measure the TI anapole moment. For mx < 10 keV,
there are stringent astrophysical bounds on g&¥ obtained
from stellar cooling [47].

The effective P-violating potential between nuclei ¢ and
j due to the interaction of Eq. (1) is given by [34, 35, 48]

Vay () = Vi (r) + V() | 2)
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where &; are the Pauli matrices that follow the spin of the
valence nucleon, my = 939 MeV is the average nucleon
mass and 7 is the inter-nuclear axis of the molecule. The
new physics interaction strength is defined as

Lo i n j j
X = (Z'gy + N'gy)(Bpga + Brgh) . (4)
where Z%(N?) is the number of protons (neutrons) in
nucleus 7. The relation between the nucleus and the
nucleon spins, as well as the proton-neutron mass dif-
ference, is encoded in Bj , [48, 49]. The electron-
electron and electron-nuclei potentials can be derived
from Egs. (2) and (4) by taking oS¢ = —g¢%¢5/(47) and
af = —gy(Bigh + Blgi)/(4m) or o = —(Z'gy +
N'g{,)95/(4m) for ee and eN, respectively. For nucleus-
nucleus interactions the Vf(&,)(r) part of Eq. (2) is the
dominant contribution, since Vf(ﬁ/)(r) scales with the nu-
clei velocity, which is very small, see below.

B. Benchmark spin-0 model

We consider a spin-0 particle, ¢ with both scalar and
pseudoscalar couplings to fermions, which induces a CP-
violating potential at the molecular scale. The effective
couplings between ¢, the nucleons and the electrons are
given by

LT Y ¢ (gép o+ ig@%w) : (5)

p=e,p,n

Such an interaction can be mapped onto UV models, such
as e.g., the CPV axion [50-52] and CPV light scalars that
are a result of relaxion mixing with the SM-Higgs [53—
55]. For a summary of existing constraints, see [56]. As
for the P-violating case, the effective couplings of Eq. (5)
are constrained both by terrestrial and astrophysical ob-
servations. We probe interactions at the molecular scale,
i.e., my ~ O(keV).

Regarding terrestrial observations, the strongest
bounds set on g come from diatomic eEDM g&*gp® <
1.2 x 1077 [31]. Additional bounds arise from the pro-
ton and neutron EDMs, |d,| < 2.1 x 1072 cm [57]
and |d,| < 1.8 x 1072%e cm [58, 59], which can be
translated following [52] to gfgh < 8.4 x 107'° and
gagh < 1.0 x 10719, As for the spin-1 case, the scalar in-
teractions are constrained by neutron scattering [37—40]
and molecular vibrational modes in HD e.g., [41, 42]. For
additional bounds, see e.g. [60]. Additional bounds can
be set using the the same J-coupling interaction in HD
and Hs molecules as for the g¥ constraint, gb (g8 +gb) <
6.9 x 104 [36)].

Astrophysical constraints for my < 10 keV are due
to hot neutron stars (g5, gh) < (1.3,1.5) x 1072 [61],
stellar cooling g < 6.5 x 10713 [47, 62], and SN1987
gy < 6.0 x 10710 [63]. Additionally, the scalar and pseu-
doscalar proton couplings contribute to the scalar-photon



and pseudoscalar-photon couplings at the one loop level.
Translating these constraints as in [64] we obtain a bound
of O(1071%) on ¢%g¥. It is worth noting that both the
SN1987 bound and globular cluster bounds [65] have
been suggested to be subject to substantial uncertain-
ties, casting doubt on their reliability [66]. All of these
astrophysical bounds can be avoided in models that are
subject to environmental effects, see e.g., [67-72] and dis-
cussion in [56].

The effective T-violating (which is also PV and CPV)
potential between two nuclei ¢ and j is given by [34, 35,
48]

s he (1 e
VPS(T):Q‘gQJrnNJ(r+m¢> — (6)

The new physics interaction strength is defined as in
Eq. (4) but we replace X — ¢, V. — S and A — P.

III. ANGULAR MOMENTUM STRUCTURE IN
POLYATOMIC MOLECULES

Chiral molecules are polyatomic molecules that possess
a handedness, i.e., their mirror images are distinguish-
able. This asymmetry probes parity-violating energy
differences caused by both SM interactions (e.g., Z bo-
son exchange between electrons and nuclei [73]) and new
physics interactions. In this section, we identify hyper-
fine states of rotating chiral molecules |¥,,.1) that satisfy
two criteria: (i) the expectation values of the new physics
interaction potentials, Eq. (2) and/or (6), are non-zero,
and (ii) the sign of this expectation value can be experi-
mentally switched to enable a differential measurement of
the new physics term. Meeting these criteria requires an
examination of the alignment and orientation of various
(rotational and spin) angular momenta and bond vectors
within the rotating molecule-fixed frame.

The key factor of the effective AV potential, for exam-
ple, is the term <\I/mol| (&z X &J) . ’/‘Aij|\l’m01> = <(5z X EJ) .
;). As we discuss below, this operator has a non-zero
expectation value if the nuclear spins have a fixed relative
orientation to each other, not necessarily in the molecule-
fixed frame, and can be switched by swapping L. and R
enantiomers. The corresponding factor of the effective
PS potential, (¢; - 7;;), requires the nuclear spins to be
oriented, not just aligned, in the molecule-fixed frame us-
ing external magnetic and electric fields, but is otherwise
also switchable with chiral enantiomers.

A. The effective hyperfine Hamiltonian

The hyperfine eigenstates are characterized by a mini-
mum of six quantum numbers: N the rotational angular
momentum, K the projection of N on the quantization
axis of the molecule, S the electronic spin, J = N + S
the total electronic angular momentum, I,, the nuclear

spin of atom n, the intermediate sums of electronic and
nuclear angular momentum F,,_1 = J+1I;+..+1,_1 and
finally F' = N+ S+, I;, the total angular momentum.
Additionally, we define the labels K, K for the different
projection states of an asymmetric top molecule [74, 75].
The effective hyperfine Hamiltonian is

H= Hrot + HSN + HHFS . (7)

The rotational angular momentum is described by Hyqt,
where we used a rigid rotor approximation

1. =
HrotziN',u/'N7 (8)

where 1 is the inverse moment-of-inertia tensor. We
choose the molecule-fixed frame to be the principal axis
system {x,y, z}, in which p is diagonal.

The electronic spin of the molecule is coupled to the
rotational angular momentum via

Hsx=S-¢ N, (9)

where € is the electronic spin-rotation coupling ten-
sor [76]. We consider two hyperfine interactions, a nu-
clear electric quadrupole term and an electron-nucleus
spin-spin interaction Hyrs = Hq + Hgr,

Ho=> L-xiI; (10)
Hg =Y §-4;-1, (11)

where y; are the nuclear electric quadrupole coupling ten-
sors and A; are the spin-spin coupling tensors for the
electronic and nuclear spins. In this case A; is composed
of the Fermi contact interaction a% and T; which is the
nuclear spin-dipole coupling.

B. Parity violating effect

For the AV potential of Eq. (2) to induce a PV con-
tribution to the molecular energy levels, we require a
nonzero ((&; x &;) - 7;;). To obtain this, the nuclear spins
must only be mutually oriented in the molecule-fixed
frame. In other words, H,, aligns the direction of N
in the molecule frame, Hgy transfers this alignment to
§, and Hgy finally transfers it to each I_; The nuclear
electric quadrupoles y; slightly modify the effect. Al-
though the individual I_;l are not oriented, their pairwise
cross-products are oriented, because they are coupled to a
common electronic spin S. This means that PV nucleon-
nucleon interaction can be probed in chiral molecules
without any external field, which is similar to the case
of SM PV via Z-exchange [73]. We consider eigenstates
of H (for which F is a good quantum number), and to
have a nonzero contribution of the AV-potential we re-
quire these states to be superposition states of different
> Ii (or equivalently, different J).



For a given transition, we define the P switch as the
difference between the left and right enantiomer transi-
tion energies

Ep—E .
ABpy= L~ BN +Y B, (12)

where ESN is the SM PV contribution, which can be ne-
glected in the transitions we are interested in, see below.
The second term is the new physics effect and the sum
runs over all nuclei pairs. There are three general new
physics sources of PV

By = WhaS + W X + Wiek,  (13)

1.e., due to electron-electron, electron-nucleon and
. . P,ij
nucleon-nucleon interactions. Here we focus on Wy
. . P
and leave discussion of W_3/* and W to future work.

We obtain WP” by first-order perturbation theory
and the potentlal of Eq. (2),

WP _ (Vav) ~ (Gi x dj) -7 1 Lim e~ Teams
NN a MmN ¢ P ’
b'e 4 eq
(14)

e

where 7’2{1 is the equilibrium distance between the two
nuclei. In polyatomic molecules, many possible atom
pairs contribute to Wﬁﬁ , but their expectation values
(6; x &) vary drastically between the different molecu-
lar eigenstates.

A full analysis of the contributions of the eN and ee
interactions is beyond the scope of this work. However,
for mx > MeV the V A potential is a rescaling of the SM
weak interaction. Thus, we estimate the sensitivity to the
eN contributions as a function of the uncertainty in the
SM measurement. Assuming that the PV shift in the
vibrational modes is consistent with the SM prediction,
we project an upper bound of

lgv 95| L,
<AGp |- -
Vam2 - or\a W)

l9v 94| 1

where sy is the sine of the Weinberg angle, Gp ~ 1.17 x
1075 GeV~2 is the Fermi constant and A is the relative
uncertainty in the measurement.

C. Time reversal violating effect

For the PS potential of Eq. (6) to induce a T-violating
contribution to the molecular energy levels, we need a
nonzero expectation value (& -7). With zero external
field, the nuclear spins (or any other angular momen-
tum) are aligned with respect to the molecule frame, but
not oriented, so that (¢-#) = 0. We obtain nonzero

4

(¢ - #) by applying both an external electric and external
magnetic field. The E-field couples the molecular frame
to the lab frame via the molecular electric dipole, and
the B-field lifts the remaining degeneracy between the
orientations. Generally, to then see any T-violating ef-
fects, the direction of both EM fields must be reversed.
This is not the case for chiral molecules, where we can
reverse the sign of just one of the EM fields, and the sec-
ond switch is obtained by comparing the transitions of
the left- and right-handed enantiomer. Thus, we define
the double difference

(81 - 1) - (Eh - E3)
7 ~ Z EY,, (16)

AETV =

where the arrow indicates the reversal of the direction of
the external magnetic field in the lab frame. The SM TV
contribution is negligibly small.

We consider four sources of T-violation in molecules
(for other potential sources see e.g. [2, 4-6, 8, 9]), which
can be written as

By =W de + Wi aly + Whag + Wyall .
(17)

As for the VA case, we focus on Wy 7” and leave the
electron-electron and electron-nucleon 1nteractions for fu-
ture work. Moreover, these interactions can be probed in
atomic systems e.g. [8]. To estimate the contribution of
a possible eEDM, we need to compute the effective elec-
tric field exerted on an electron in the molecule, which
is beyond the scope of this work. The nucleon-nucleon
contribution can be estimated by first-order perturbation

theory
Wi (Vsp) () 723@ 1 o e e
NN — g = om ij ¢ ij :
a, N Teq Teq

(18)

We briefly note that, in principle, the TV necessary
for non-zero (& - #*) could be obtained instead by prepar-
ing non-stationary rotational quantum states that have a
non-zero signed projection (K) of the rotational angular
momentum N in the molecule-fixed frame. In such “gyro-
scopic” states, the molecule can rotate with a well-defined
orientation in both the molecule-fixed and lab frames.
The spin-rotation and hyperfine interactions would ul-
timately transfer this orientation to individual nuclear
spins. For potential eEDMmeasurement in molecules
without external fields see [77].

IV. PROJECTION FOR CHDBrI"
A. Parity violating projection

In this section we estimate the sensitivity of precision
hyperfine spectroscopy of CHDBrI™ to probe PV from



1078

107
10—|U

10-1
2>

WW HHUTW HHWW HHUTW HHWW TTT

10—12

107"

10—14

1 mmﬂ 1 muﬂ 1 HHHA 1 mmﬂ 1 HHHA L

TW L

10—15

10—10
101
10—12
10—13
10—14
10—15
10—16
1077
10—18

Z >

[ np [ np
(9 )u—sr;n.(fﬂ )HD

HW“ HUW HW“ HUHT‘ HW“ HUHT‘ HW“ HUW HW“ T

Lo ium HHM HMLLLA Hmd HMLLLA Lo

1079 L

PNy A PSR | P | PR n
1 10 102 10° 104

mgleV]

1078
1079
1071
10—11

10—12

T HHUTW HHWW HHUTW HHWW TTT
~

107"

10—14

1 mmﬂ 1 muﬂ 1 HHHA 1 mmﬂ 1 HHHA 1 mmﬂ 1 HMHA i

10—15

1076
1077
1078
107°
10—10
10—11
10—12
10—13
10—14

1071 R B N SN
1 10 107

mgleV]

HW“ Wm HW“ Wm HW“ HUW HW“ HUW T U“ T
~

n HHM HMLLLA HHM HMLLLA Hmd HMLLLA Hmd mmﬂ 1

i
=t

FIG. 1. Constraint on the V-A couplings for the different benchmark scenarios, when assuming an accuracy of the measurement
of 0.1Hz (long dashes) and 1 mHz (short dashes). For (a)(gy = g% = 0), the existing constraint is obtained by combining the
bounds on ¢}, from HD vibrational modes [41, 42] and the ¢%; bound from the J-coupling in HD [36]. For (b)(g}, = ¢% = 0) there

are no terrestrial experiments that constraint the coupling. For

(9% = gv, 9% = g}), the existing constraint in the combined

bound of neutron scattering [37-39] and J-coupling in HD [36]. The strongest terrestrial constraint for (d)(¢}, = —gv, ¢% = —gi)

is due to the nuclear anapole moment of ***Cs [45].

Parameter CH, °BrIT CHD°BrlT

A/MHz 16888.0 14781.2
B/MHz 1109.2 1106.7
C'/MHz 1048.3 1040.0
o /au —0.170 —0.168
iy /au 0.825 0.824
fe/au 0 —0.048

TABLE I. The rotational constants and permanent dipole mo-
ments of CH;BrIt and CHDBrI ™.

new physics. The proposal for producing the CHDBrI "
in an internally cold state via photoinization [32] makes it
suitable for precision searches in rotational spectroscopy
in addition to the vibrational spectroscopy applications
[18, 32, 33].

The rotational constants for CHDBrI' were calculated
as part of this work and are given in Tab. I and are in
agreement with those computed in Ref. [32]. The cal-
culated hyperfine coupling matrices, including the nu-
clear quadrupole-electric field gradient coupling tensor

Xi, the electron spin-rotation coupling tensor € , and
the electronic-nuclear spin-dipole coupling tensor T;, are
given in Tab. II. The Fermi contact parameters (ar) are
presented in Tab. ITI. The structural and electronic prop-
erties were calculated using the CFOUR quantum chem-
istry code [79, 80]. Details about the methods used are
given in Appendix A. Values in the tables are given for
both CH,BrIt and the chiral isotopologue CHDBrI™,
which is the molecule of interest.

For simplicity, we assume that there are only nucleon-
nucleon new physics interactions. Their dominant effect
is given in Eq. (14), where we consider only Vf(ﬁ) (r) and
neglect Vﬁ/)(r). The effect of Vlﬁ,) (r) is sub-leading since
it is proportional to the momentum of the nuclei. In
CHDBrI", the most energetic vibrational mode is the
C-H stretch mode, which has a frequency of 91 THz [32]
and leads to a proportionality factor p/u ~ O(1075) com-
pared to Vf(&,) (r), where p is the momentum in the rest
frame and p the reduced mass of the C-H system.

So far the precision in spectroscopy of CHDBrI' has



Tensor® CH,"Brl™ CHD™BrI™
—20323.7 —1515.1 0.0  —17872.6 —1509.9 84.4
€’ —17887.0 —1740.7 0.0  —15640.1 —1724.1  100.3
0.0 0.0 74.4 935.5  107.1 67.8
419.1  321.0 0.0 420.6  319.1 —19.4
T(Br) 321.0 —135.3 0.0 319.1 —1374 -89
0.0 0.0 —283.8 -19.4 -89 -283.2
293.3 —302.8 0.0 291.8 —302.6 16.8
x(Br) -302.8 177.6 0.0 -302.6 1769 —37.5
0.0 0.0 —470.9 16.8 —37.5 —468.7
565.2 —835.8 0.0 561.2 —835.7  47.6
(1) —835.8 31.1 0.0 —835.7  33.0 —35.9
0.0 0.0 —596.2 476  —359 —594.2
—1381.1 —190.3 0.0 —1382.0 —187.6 14.6
x(D) —190.3 —478.7 0.0 —187.6 —469.8  136.4
0.0 0.0 1859.8 14.6 1364 1851.8
872.4  925.8 —672.6 875.2  885.7 —T734.2
T(H®) x10° 925.8 2220.7 —1805.7 885.7 1987.8 —2102.1
—672.6 —1805.7 —3093.0 —734.2 —2102.1 —2863.0
134.8  148.7  94.7
T(D) x10* 148.7  369.7 2274
94.7 2274 —504.5
—-97.6 4.0 6.5
x(D) x10? 4.0 —43 1420
6.5 1420 101.9

TABLE II. The spin-rotation and anisotropic hyperfine coupling constants of CHaBrI* and CHDBrI* (in MHz).

2 For each tensor quantity, the rows and column are listed in axis order abc.
b The spin-rotation tensor indices are ordered here as €;;(S;N; + N;S;)/2. The values for CHD7?BrI* are derived from those of the

parent isotopologue assuming pure spin-orbit contributions [78].

¢ The H values are listed only for the H nucleus that remains unsubstituted in the deuterated isotopologue.

Nucleus ar (MHz)

™Br 167.0
I 256.7
H —1.998
D —0.307

TABLE III. The isotropic hyperfine coupling constants of
CH3BrIt and CHDBrI™.

only been estimated for vibrational transitions at below
0.1 Hz for C-H stretch and even better for the C-H wag
mode due to the seconds long natural lifetime [18, 32, 33].
In the rotational spectroscopy needed for the BSM effects
discussed in this work, the natural lifetime of rotational
transitions will be much longer. Thus, the coherence time
is expected to be limited by magnetic field noise due to
the non-zero electronic spin of the molecule and black
body radiation. In the proof of concept experiment in
Satterthwaite et al. [24] a statistically limited ~ 0.7 Hz
precision was achieved between R and L 1,2-propanediol
neutral chiral molecules, while in HfF+ molecular ions a
precision of ~ 20 uHz was reached [10]. It is challenging
to estimate the precision on CHDBrI' due to the early
stages of the experiment. Therefore, in this work we
consider two cases: a conservative case of 0.1 Hz and an
aggressive case of 1 mHz. As we progress in production
and trapping of CHDBrI™ molecules, these estimates will

become more refined.

The SM PV shift is typically several orders of mag-
nitude smaller for rotational transitions than in the vi-
brational transitions e.g. [24]. However, an interesting
aspect of CHDBrI" is that is only isotopically chiral,
such that the two enantiomers have a nearly identical
electronic configuration. Despite this, the molecule ex-
hibits surprisingly large PV shifts in some of its vibra-
tional transitions [33]. For rotational transitions the SM
PV likely scales in similar fashion to other molecules, but
we leave detailed calculations for future work.

In our analysis we consider four benchmark scenarios
for X-nucleon interactions: (a) only protons gjy = ¢’y =
0; (b) only neutrons gj, = g% = 0; protons and neu-
trons equally ¢}, = gi%, g% = ¢4; and (d) protons and
neutrons oppositely g}, = —gi+, g4 = —g4. For each sce-
nario, we have computed which rovibrational transition is
most sensitive to the effect of Eq. (2). The relevant tran-
sitions and expectation values are detailed in Tab. IV.
The Z-matrix elements of CHDBrI™ can be found in
Tab. IV A. We choose the inital state of the transition
used such that the new physics effect is maximized, and
determine the transition with the largest intensity from
that state using PGOPHER [81]. The quantum numbers
defining the state are those of the main contribution to
the relevant eigenstate, but in reality, the eigenstates are
superpositions of different quantum numbers. We ob-



state 1 state 2
(i,§) |E1m2 [GHZ] (N, Ko, Ke, J, Fy, B>, F3, F| {05 X 05) - 78 | IN, Ka, Kc, J, Fy, Fa, F5, F) | {0s X 0;) - 7,
(a),(h),(c)[(D, I) 3.34 1,1,0,2,1,1,2,0 0.49 1,0,1,1,1,2, 71 0.12
(d) (H, 1) 3.99 §2,2,0, §,3,3, 5,0‘ ‘ 0.23 1,0,1,3,1,2, §1§ ‘ 0

TABLE IV. Summary of the optimal transitions to use for probing the PV effect of Eq. (2) on the rovibrational energy levels
of CHDBrIt. We denote the atom pair that gives the leading contribution to the new physics effect (4,j) for each of the
benchmarks outlined above, the optimal transition F1_2, the quantum numbers (with the nuclear spins organized as (H, D,
Br, I)) and the expectation value of the polarization for both the initial and final state.

Atom a b c
C 0.51 1.27 0
I —1.20 —0.07 0
Br  1.84 —0.14 0
H 0.54 1.85 —0.92
H 0.54 1.85 0.92

TABLE V. The Cartesian coordinates of CH.BrIt and
CHDBII™ in their PAS, in angstrom.

tain the expectation values (o; x o;) by diagonalizing the
Hamiltonian for the case where only the nuclei (4, j) have
spin. We verify that the correction from the inclusion all
four nuclear spins is small by checking the change in the
energy state in PGOPHER. With this, we obtain

ghgh <4.8x 10713
grgh <3.4x 10713
gy gyt <1.0x 1071

gy g Tt <2.0x 1071, (19)
for mx < keV and an accuracy of 0.1Hz. The mass-
dependent constraints are shown in Fig. IV A. For (b),
to the best of our knowledge there exist no other ter-
restrial constraint on the couplings. This is because any
probes of these couplings done using HD molecules are
not valid since they probe g x (¢ + ¢g"). For (a), in
order to be competitive with the existing bound an ac-
curacy of ~ 0.01 Hz is required. For , the existing
terrestrial constraints outperform the ones that can be
set using chiral molecules with the current precision. For
(d), in order to be competitive with the existing bound
an accuracy of O(kHz) is required.

Regarding the electron-nucleon interaction, we assume
that the vibrational mode measurement is compatible
with the SM expectation to the A ~ 0.1 level, ~ 0.1 Hz.
By using Eq. (15) we project the following limit of

A m 2
P e < 10712 ( 2 ( X )
gvga 55> 10 (0.1> 10MeV/

A mx 2
n_ e < 1 —11 [ = ) )
gvga 58> 10 (0.1) (10MeV) (20)

This is comparable with the current bounds from
APV [27, 45]. As a proof of concept, we adopt the result
of [15] for CHFCIBr with is consistent with no PV and
put an upper limit of 13 Hz on the L and R difference.
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FIG. 2. The constraints on gg/"gf,/" that can be set with
a measurement with aggressive precision of 0.001 Hz of rovi-
brational transitions in CHDBrI™. We show the bounds for
the four benchmark scenarios (a),(b),(c)and (d). We show
the bounds that can be set by reinterpreting the eEDM mea-
surement in HfF+ as well as combined existing bound from
neutron scattering and vibrational spectroscopy in HD.

There is a large uncertainty on the theoretical prediction
of the SM PV, Ref. [82] predicts 0.06 Hz, while Ref. [83]
predicts 1 mHz. Conservatively, we use the later SM pre-
diction, thus, A ~ 10* and the resulting upper bounds
are

2
P gt r<5x10*7(&) :
[ngA]CHFCIB = 10 MeV

m )L @

v9s < 106 <7
l9v 94 ]carcier S 8 x 10 T0MeV

which, to the best of our knowledge, are the first bounds
on BSM from chiral molecules.

B. Time Violating projection

Here we do an order-of-magnitude estimation as to
the sensitivity of precision hyperfine measurements in
CHDBrI' to probe TV new physics. We consider the
purely nucleon-nucleon interaction and leave an analysis
of the other T-violating sources to future work. The SM
contribution to TV or CPV is negligibly small. Exter-
nal electric and magnetic fields are required to orient the
molecule such that (7 -7) # 0. We can choose a tran-



sition such that all nuclear spins are oriented along the
direction of the magnetic field. For simplicity, we take
& = (0,0,1) for all nuclei. The bound obtained, for the
four cases (a), (b), and (d) are

g%gh < 9.8 x 10713

gogh < 1.4 x 10713

gw"gh"t < 9.5 x 1071
ge g <8.2x 10713, (22)

for mg < keV and assuming an accuracy of 0.1 Hz. The
mass dependent bounds are shown in Fig. 2. For the
bound to be competitive with bounds set using diatomic
eEDM bounds we need a precision of the measurement
comparable to the eEDM measurements, i.e., 10~° Hz.
This is because the TV effect in both systems has a sim-
ilar absolute value, the nuclear charges are of the same
order of magnitude and the polarization is comparable.
We leave a detailed analysis of the optimal transition to
choose until experiment reaches this limit. We comment
that a measurement with such an accuracy may also be
able to probe the eEDM with a similar sensitivity as the
current probes in diatomic molecules [10, 12], but de-
tailed calculations are required.

V. CONCLUSION

In this work, we have shown that chiral molecules pro-
vide a unique environment for probing PV new physics.
For example, chiral molecules can be the most sensi-
tive terrestrial probe of PV in the case of a new spin-
1 particle that couples only to neutrons, or to neutrons
and protons oppositely. The chirality switch of chiral
molecules provides a straightforward approach to remove
the majority of significant SM contributions, thus the
proposed method is free of SM background and does not
require sophisticated SM calculations. For the case of
coupling only to the proton, for mHz precision of the
PV energy difference measurement, we would improve
current bounds. When coupling to protons and neutrons
evenly, our bound is less constraining than the combined
bound due to neutron scattering and HD precision mea-
surements. We also show that measurements of the SM
PV energy difference can constrain the electron-nucleon
PV interaction, to the level of APV. The bound we ex-
tract from current data is weaker than the APV bounds.
Additionally, we have shown that chiral molecules can
probe TV new physics. They would present a competi-
tive probe only when the precision of the measurement
becomes comparable to that of eEDM measurements in
diatomic molecules.

As development of state preparation techniques for
CHDBrI progresses, opportunities for precision metrol-
ogy of properties other than the vibrational degrees of
freedom, which are well motivated, will arise. This paper
motivates the development of hyperfine and rotational

precision spectroscopy in CHDBrI™ and chiral molecules
in general.
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Appendix A: Quantum chemical calculations

The structural and electronic properties of CHyBrI™
and CHDBrIt were computed with coupled cluster the-
ory including single, double, and perturbative triple
excitations [CCSD(T)] [84, 85] as implemented in the
CFOUR quantum chemistry code [79, 80]. The op-
timized geometry and first-order electronic properties
were calculated using analytic gradient techniques [86],
while spin-rotation parameters were calculated within
the effective one-electron spin-orbit operator approach of
Ref. [87] based on analytic second-derivatives for open-
shell CCSD(T) [88]. Because this implementation of
spin-rotation constants in CFOUR is only available with
non-relativistic CCSD(T) and without effective core po-
tentials, the all-electron 6-311G* and 6-311G** basis
sets [89-91] were chosen for all geometry and property
calculations.

Preliminary calculations of fine and hyperfine prop-
erties were performed for the planar CHyBr and CHsl
radicals to assess the performance of the non-relativistic
CCSD(T) predictions for molecules containing the heavy
atoms Br and I. The calculated and experimental values
for the spin-rotation (eqq, €, and €..), nuclear magnetic
hyperfine (ap, Tye and Ty, — Tee), and nuclear electric
quadrupole coupling constants (xaq and xpp — Xee) are
summarized in Table VI. The fractional agreement for
each of the large in-plane components of the spin-rotation
tensor (€,, and €p) is reasonably good (1-10%). The
out-of-plane component (e..) has much worse fractional



accuracy (30-40%), but this behavior is typical of planar
7 radicals like CHyBr and CHsI for which the out-of-
plane spin-rotation parameter has a small absolute mag-
nitude by symmetry arguments [92, 93]. The magnetic
and electric quadrupole hyperfine coupling constants are
also in generally good agreement, with the largest frac-
tional error for the iodine Fermi contact parameter (ap).
This discrepancy is again not surprising at this level of
theory, which includes neither core-electron correlation
nor orbital-following zero-point vibrational effects, both
of which can be important for calculating accurate elec-
tronic spin densities in planar = radicals [94]. Nonethe-
less, this theoretical approach is shown to provide quali-
tative to semi-quantitative accuracy for the fine and hy-
perfine properties of Br and I-bearing radicals.

The equilibrium geometry of the 2A’ ground electronic
state of CHaBrI™ optimized at the UHF-CCSD(T)/6-
311G** level of theory is listed in Table IV A in its
principal axis system (PAS). Table I lists the rotational

constants and permanent electric dipole moment com-
ponents for CH,BrIT and CHDBrIt, Table II lists the
isotropic hyperfine coupling constants (which are the
same for both isotopologues), and Table II lists the spin-
rotation tensor and anisotropic magnetic and electric
quadrupole hyperfine coupling constants. For the mag-
netic and electric quadrupole hyperfine constants, it is
straightforward to transform the values calculated di-
rectly for CHyBrI™ to those for CHDBrIt by rotating
the tensors into the new rotational principal axis system.
The transformation of the spin-rotation tensor requires
a more elaborate procedure because it is a second-order
property that depends on the rotational kinetic energy
operator itself. Assuming that the spin-rotation values
are dominated by second-order spin-orbit contributions,
we use well known isotopic scaling relations [78] to derive
the spin-rotation parameters of the deuterated isotopo-
logue.
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