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P, T -odd Faraday rotation in intracavity absorption spectroscopy with a molecular beam as a
possible way to improve the sensitivity of the search for time-reflection-noninvariant effects in nature
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The present constraint on the space parity P and time-reflection invariance 7 violating the electron electric
dipole moment (¢EDM) is based on the observation of the electron-spin precession in an external electric field
using the ThO molecule. We propose an alternative approach: observation of the P, 7-odd Faraday effect in
an external electric field using the cavity-enhanced polarimetric scheme in combination with a molecular beam
crossing the cavity. Our theoretical simulation of the proposed experiment with the PbF and ThO molecular
beams shows that the present constraint on the ¢EDM in principle can be improved by a few orders of magnitude.
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I. INTRODUCTION

The existence of the electric dipole moment (EDM) for
any particle or closed system of particles violates both the
space parity P and time-reversal 7 symmetries [1-3]. To date,
the most stringent experimental constraints for the particles’
EDMs are obtained for the electron EDM (¢EDM) due to its
strong enhancement in heavy atoms and diatomic molecules.
The most restrictive ¢EDM bounds were established in ex-
periments with the ThO molecule (|d,| < 1.1 x 107% ecm
[4]). Here e is the electron charge. Previously, accurate results
were obtained on the Tl atom [5], YbF molecule [6], and
HfF*t cation [7]. For extraction of the ¢EDM values from
the experimental data, accurate theoretical calculations are re-
quired. These calculations were performed for T1 [8—12], YbF
[13-16], PbF [17-19], ThO [20-23], and HfF " [24-27]. In the
same experiments it is possible to search for another P, 7 -odd
effect: P, 7 -odd electron-nucleus interaction [28-30]. Effects
originating from this interaction and from the ¢EDM can be
observed in an external electric field and cannot be distin-
guished in any particular atomic or molecular experiment.
However, they can be distinguished in a series of experiments
with different species (see, e.g., [25,31]).

Theoretical predictions of the d, value are rather uncertain.
Within the standard model (SM) none of them promises an
¢EDM value larger than 1073 ecm [32]. However, predic-
tions of the SM extensions are many orders of magnitude
larger [33]. Different models for the P, T-odd interactions
within the SM framework are discussed in Refs. [32,34]. In
modern experiments for the P, 7-odd effect observation in
atomic and molecular systems, either the shift of the magnetic
resonance [5] or the electron-spin precession [4,6,7] in an
external electric field is studied.

Due to a large gap between the current experimental bound
and the maximum SM theoretical prediction, alternative meth-
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ods for the observation of the P, T -odd effects are of interest.
References [35,36] mentioned the existence of the effect of the
optical rotation of linearly polarized light propagating through
a medium in an external electric field, the P, T-odd Faraday
effect. The possibility of its observation was first studied
theoretically and experimentally in Ref. [37] (see the review
on the subject [38]). Recently, a possible observation of the
P, T-odd Faraday effect by intracavity absorption spec-
troscopy (ICAS) methods [39-41] using atoms was consid-
ered [42]. In Ref. [39] an experiment on the observation of
the P-odd optical rotation in the Xe, Hg, and I atoms was dis-
cussed. The techniques [39] are close to what is necessary for
the P, T-odd Faraday effect observation. In Refs. [12,43,44]
an accurate evaluation of this effect oriented to the application
of the techniques [39] was undertaken for the atomic case
and was extended to molecules in Ref. [19]. In the present
paper we consider PbF and ThO for the beam-based ICAS
P, T-odd Faraday effect observation. According to our esti-
mates, these molecules are promising candidate systems this
type of experiment (discussed below).

As it was shown in earlier works [1], heavy atoms and
molecules containing such atoms are promising systems to
search for the P, T -odd effects. For the case of the P, 7 -odd
Faraday effect such systems should also satisfy the following
requirements. The natural linewidth of the chosen transitions
[hat (the collisional width is negligible for beam-based ex-
periments) should be as small as possible, since it allows
for the large saturating intensities at large detuning necessary
for the P, T-odd Faraday experiment (see Secs. II and III).
In other words, it allows reaching a better signal-to-noise
ratio in such experiments. For this reason the most suitable
are the transition from the ground to the metastable state
X121, pn— X2 21, s2 in the PbF molecule and the transition
from the ground to the metastable state X 'Zo — H3A; in
the ThO molecule. The characteristics of these molecules
are discussed in Sec. II. For the molecular case, the applied
electric field & should be close to the saturating field &gy,
which almost completely polarizes a molecule. For diatomic
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FIG. 1. Principle scheme of the proposed experimental setup. A
molecular beam crosses the cavity in the transverse direction. Within
the cavity it meets an intracavity laser beam. The crossing of the
two beams is located in an electric field oriented along the laser
beam. The detection of the optical rotation happens at the output or
transmission of the cavity.

molecules with total electronic angular momentum projection
on the molecular axis €2 equal to %, such as PbF, &, is about
10* V/cm. Such a field can be created only within the space
of about several centimeters. Diatomic molecules with 2 > %
can be polarized at smaller external electric fields due to
closely lying levels of opposite parity (so-called 2 doubling).
The importance of the use of 2 doubling for the search of
P-and P, T-odd effects was noted in Refs. [29,36,45].

We can imagine an ICAS-beam experiment for the
‘P, T-odd Faraday rotation observation as follows. A molec-
ular beam crosses the cavity in a transverse direction. Within
the cavity it meets an intracavity laser beam. The crossing of
these two beams is located in an electric field oriented along
the laser beam. The detection of optical rotation (either using
simple polarimetry or phase-sensitive techniques) happens at
the output or transmission of the cavity (the scheme of the
proposed experimental setup is given in Fig. 1).

Let us discuss the ultimate ICAS advances necessary for
the proposed P, 7-odd Faraday experiments. In Ref. [39]
the possibility to have a total optical path length of about
100 km in a cavity of 1 m length was considered. This
results in 10° passes of the light inside the cavity and 10°
reflections of the light from the mirrors. For a molecular-
beam-based experiment with a beam 1 cm in diameter, typical
total optical interaction path lengths are about 1 km, i.e.,
10? times smaller. However, in another ICAS experiment
[40] an optical path length of 7 x 10* km for a cavity of
the same size as in Ref. [39] was reported. This means
that a 700 times higher light-pass number inside a cavity
may become realistic. Another important property of ICAS
experiments is the sensitivity of the rotation-angle measure-
ment. Using a cavity-enhanced scheme, a shot-noise-limited
birefringence-phase-shift sensitivity at the 3 x 10~'3 rad level
was demonstrated [41]. We consider the above-mentioned pa-
rameters used in ICAS experiments to assess the realizability
of the proposed P, T-odd Faraday ICAS experiment for the
search of the P, 7 -odd interactions in molecular physics.

II. P, T-ODD FARADAY EXPERIMENT ON MOLECULES

The P, T-odd Faraday effect manifests itself as circular
birefringence arising from the light propagating through a
medium in an external electric field when the P, T -odd in-
teractions are taken into account. Its origin is the same as for
the ordinary Faraday effect in an external magnetic field. In
a magnetic field the Zeeman sublevels split in energy. Then
the transitions between two states with emission (absorption)
of the right (left) circularly polarized photons correspond
to different frequencies since they occur between different
Zeeman sublevels. This causes birefringence, i.e., different
refractive indices n* for the right and left photons. The same
happens in an external electric field taking into account the
P, T-odd interactions. In this case, the level splitting is pro-
portional to the linear Stark shift S. The rotation angle ¥ ()
of the light polarization plane for any type of birefringence
looks like

i
V(w) = ﬂXRe[rﬁ(a)) —n ()], (1)

where n* are the refractive indices for the right and left cir-
cularly polarized light, / is the optical path length, w is the
light frequency, and X is the corresponding wavelength. In the
P, T-odd Faraday rotation case [12]

Re[nt(®) — n™ (0)] = %Re[n(wnsﬁ, 2)

where n(w) is the refractive index of linear polarized light. In
the case of a completely polarized molecule the linear Stark
shift of molecular levels is determined by

S% = d,Eer, 3)

where E. is the internal molecular effective electric field
acting on the electron EDM. If the molecule is not completely
polarized one introduces a corresponding polarization factor
that depends on an external electric field E. To extract d,
from the experimental data it is necessary to know the value
of &g which cannot be measured and should be calculated
(see, e.g., Refs. [25,46,47]).

We evaluated the effective electric fields for the PbF
molecule. The effective electric fields in the PbF molecule
were calculated within the relativistic coupled cluster with
single, double, and noniterative triple cluster amplitude meth-
ods using the Dirac-Coulomb Hamiltonian [19]. All electrons
were included in the correlation treatment. For Pb the aug-
mented all-electron triple-¢ AAETZ [48] basis set was used.
For F the all-electron triple-¢ AETZ [49-51] basis sets were
used. The theoretical uncertainty of these calculations can be
estimated as 5%. The value of & for the ground electronic
state is in good agreement with previous studies [17,18].

The rotation signal R(w) in the experiment reads

R(w) = e €]

where 1 is the rotation angle and N,y is the number of events
in a statistical experiment. In the case under consideration Ny
is the number of photons that had interacted with molecules
and then were detected. In principle, apart from the losses
in the absorber inside the cavity, we have to take into ac-
count also the losses in the cavity itself, i.e., in the mirrors.
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FIG. 2. Behavior of the functions g(u), f(u), and h(u) with v < 1 close to the resonance: (a) behavior of the rotation angle for optical
rotation (natural or P odd), (b) behavior of the inverse of the absorption length L, and (c) behavior of the rotation angle for the Faraday effect

(ordinary or P, T odd).

In this work we briefly discuss this part of the losses in
Sec. V; it changes as a function of intracavity losses and
strongly depends on cavity parameters.

Expressed via the spectral characteristics of the resonance
absorption line, the rotation signal reads

wl 2 h
R(@) = S =pe|(iIrlf) (” )
Zd (geff + E ff)N (5)
FD eV
w=wy+ Aw. (6)

Here p is the molecular number density, |i) and | f) are the ini-
tial and final states for the resonance transition, respectively,
r is the electron radius vector, I'p is the Doppler width, £
and Eefff are the effective fields for the initial and final states,
respectively, wy is the transition frequency, Aw is frequency
detuning, and 7 and c are the reduced Planck constant and
the speed of light, respectively. Equation (5) corresponds to
the case of the E'1 resonant transition. For M1 transitions the
factor €2|(i|r|f)]*> should be replaced by u%l(i|l — gss| O
where s and / are the spin and orbital electron angular momen-
tum operators, respectively, gg = —2.0023 is a free-electron
g factor, and pg is the Bohr magneton. We employ the Voigt
parametrization of the spectral line profile [1]

g(u, v) = Im F(u, v), 7
f(u,v) =Re F(u,v), ®)
— ﬁef(u+iv)2{l

F(u,v) —erf[—i(u + iv)]}, 9

where erf(z) is the error function,

Aw
= —, 10
“=T (10)
and
l—‘nat (1 1)
V= —.
2I'p
Here I'y is the natural width. Finally,
d
h(u, v) = —g(u, v). (12)
du

A comment can be made on the behavior of the spectral
line shape for the considered P, T-odd Faraday effect. The
behavior of the functions g(u) and f(u) with v < 1 is pre-
sented in Figs. 2(a) and 2(b), respectively. In Fig. 2(c), the
function h(u) = dg with v < 1 is presented.

The function g(u v) defines the behavior of the dispersion
and the function A(u, v) determines the behavior of the ro-
tation angle with the detuning. The function f(u, v) defines
the behavior of absorption and has its maximum at wy. We
also introduce L(w) = [po (w)]~", the absorption length with
some detuning from the resonance. The cross section o (w)
for the photon absorption by a molecule in the case of the E'1
transition looks like

o E1rlf)I?
o(w)=4m FDf(u, v) e (13)
Expressed via the absorption length at the arbitrary detuning,
the rotation signal reads

hu,v) 1 d(El+E] )y

R(w) =
f(u,v) L(u, v) 2I'p

Ney. (14)
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TABLE 1. Parameters of transitions under investigation in molecular species. The adopted number density for different species is

p ~ 10 cm™3.

Molecule Transition Wavelength Linewidth Effective field Absorption length
A (nm) Coa (s71) Eer (GV/cm) L(u=5) (cm)

ThO X%y — H3A 1810 5 x 10% 0(X), 80(H) 1 x 10

The maximum of h(u, v) also coincides with @wy. How-
ever, it has a second maximum [12], which allows us to
observe the P, T-odd Faraday effect off-resonance, in the
region where absorption is small. In the following we choose
Aw = 5Tp. At this detuning the absorption drops down es-
sentially [f(u, v) ~ v/ u?], but the rotation is still close to its
second maximum [A(u, v) ~ 1/u?]. Here we do not consider
the hyperfine structure. If the hyperfine structure is resolved,
it does not change the order-of-magnitude estimate for the
rotation angle. However, the choice of certain hyperfine levels
depends on the particular experiment.

(i) One of promising candidates for the ICAS P, T-odd
Faraday experiment with diatomic molecules is the PbF
molecule with the X12I1y, — X221, transition (A =
1210 nm). The natural linewidth of the X2 state is 'y, =
2.7 x 10° s~! [52]. For the PbF beam we adopt the trans-
verse temperature of 1 K (e.g., in Ref. [53] the transverse
temperature of the supersonic YbF beam was reported to
be about 1 K) and the transverse I'p = 4.5 x 107 s~!. Our
calculations give the following effective electric fields values:
geff(znl/z) =38 GV/cm and 5eff(2n3/2) =9.3GV/cm. One
can adopt the achievable number density of PbF molecules
approximately as p ~ 10'© cm™3. Then, according to Eq. (13),
the absorption length at dimensionless detuning u = 5, L(u =
5) ~ 2 x 10° cm. In Table I the parameters of the transition
under investigation in PbF are listed.

(ii) Consider the X'Z)— H3A, transiton (A=
1810 nm) in ThO. This transition lies in the infrared
region. It is interesting to consider such a molecular system
since the best constraint on the ¢eEDM was obtained on
ThO. The natural linewidth of the metastable H state is
Cha = 5 x 10% s7! [4]. The effective electric field for the H
state was calculated in [20-23]. For the ThO beam (T = 1 K)
the transverse I'p = 2.9 x 107 s~!. In Ref. [54] the number
density of ThO molecular beam was reported to be about
o ~ 10'°-10"" cm~3. We adopt the number density of ThO
molecules as p ~ 10'° cm~3. Then, according to Eq. (13),
the absorption length at dimensionless detuning u =5,
L(u=5)~1x10'" cm. In Table I the parameters of the
transition under investigation in ThO are listed.

In the following sections we will investigate theoretically
in more detail the ICAS-beam P, T -odd Faraday experiment
on the PbF and ThO molecules with the intensities near the
saturation threshold.

III. SHOT-NOISE LIMIT AND SATURATION LIMIT

In this section we will write the signal- R to-noise F ratio
via the number of events N,y :

R Y Ney ¥ v/New

g = 15
F 2m/Ney 2w (15)

Here ¢ is the rotation angle of the light polarization plane.
The number N, in the P, T-odd Faraday experiment should
be defined as the number of photons which have interacted
with molecules and then were detected. The total number of
photons Ny involved in the experiment may be larger than
the number of molecules involved Ny, may be smaller than
Nmol, OF may be equal to it. We will be interested in the case
when Nypot > Niol.-

For the shot-noise-limited measurement, the condition
§ > 1 should be fulfilled. One way of collecting statistics is
a continuous experiment with a cw laser. The other way is
to collect statistics in many sets (e.g., with a pulsed laser)
if the condition % > 1 is not fulfilled during one set of
the experiment. Nevertheless, after repeating the experiment
n times the statistically improved signal-to-noise ratio

5 — 1//\/nN€V’ (16)
F 21

in principle, can be made arbitrarily large. This means that
the shot-noise-limited measurement without observation of
the angle v in any particular measurement, in principle, is
also possible. In this case one should collect the statistics from
many measurements. The same way of collecting statistics is
used in the ACME experiments [4].

For the shot-noise-limited measurement we have to make
the number N, (i.e., the number of photons) as large as
possible. However, this number is limited by the saturation
effects. In Sec. IV we show that for the suggested experiments
we do not reach this limit.

For laser beams of high intensity the laws of nonlinear
optics should be applied. The refractive index n(w) depends
on the intensity of the light /() in the following way [55]:

_ no(w)
1+ () /(@)

Here ng(w) is the refractive index for weak light and I, (w) is
the saturation intensity. When the light intensity exceeds the
saturation one, /(w) > Iy (w), both absorption and dispersion
decrease. Equation (17) is derived within the two-level model
of an atom (a molecule), which is valid for the resonant pro-
cesses of our interest.

It is instructive to look at Eq. (17) from the point of view
of Einstein relations between the spontaneous and stimulated
emission [56],

n(w) 7

26‘2

st __ L T sp

>, (18)

where W is the spontaneous probability (transition rate) for
the transition between the initial (i) and final (f) states (which
can be approximated as the natural linewidth for the transition
hat), Wl;} stands for stimulated emission, and W; corresponds
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to the absorption probability. Equation (18) is written for the
polarized anisotropic (laser-beam) radiation with frequency
w, J(w)dw = I(w). The dimensionless coefficient at Wi}p de-
fines the number of photons in the field N. When a certain
transition i — f is considered, dw ~ I'hy. Then the number
N defines actually the relative importance of the spontaneous
and stimulated emission. If N < 1, the spontaneous emission
dominates; for N > 1 the stimulated emission dominates. The
condition I = Iy in Eq. (17) according to Ref. [55] corre-
sponds to N ~ 1 in Eq. (18), i.e., the saturation intensity can
be obtained from the condition W ~ W

Taking into account the detuning from the resonance and
the Doppler width, one can also represent the stimulated emis-
sion and absorption probabilities in terms of the absorption
cross section as it was done, for instance, in Ref. [57]:

 o@I()

o (19)

Then the saturation intensity which reduces the refractive
index down to % can be expressed as

Lo = s (20)

oTs

where 7, is the saturation time constant (or the effective life-
time or the recovery time). It is the time for the molecules to
become excited and to decay again. This time can be approx-
imated as 7, & (Fnat)’l. As it was noted in Ref. [57], from
Egs. (19) and (20) the clear physical meaning of the satura-
tion intensity follows. It means one photon incident on each
atom or molecule, within its cross section o, per the recovery
time 7.

Substituting the absorption cross section from
Egs. (13)-(20), one obtains the expression for the saturation
intensity

h(,()3 FD

a2 f(u,v) @h

L (w0, u) =

The most important feature is that for any intensity / > I; the
effect of saturation does not arise instantaneously and takes
the saturation time fg, ~ (Wisft)_l for its formation. For the
off-resonance measurement £, can be large enough.

It is interesting to compare the resonance and large-
detuning cases in terms of signal-to-noise ratio. Then the
figure of merit is as follows. One should consider the
next ratio

Yu=5WEaw=5 1 I \/E )
Vu=0VIa=0 vLa=5V v’

For the case of ThO, v ~ 10~ and L(u = 5) ~ 10° km (for
o ~ 10" cm™3). Then, for two existing cavities with achiev-
able effective optical path lengths we have the following:
(i) For [ = 1 km, according to Eq. (22), the ratio ~10 and
(i) for { = 700 km, according to Eq. (22), the ratio ~10°. It
follows that the large-detuning case has a great advantage over
the resonant one.

IV. ICAS-BEAM EXPERIMENT WITH THE NUMBER OF
PHOTONS LARGER THAN THE NUMBER OF
MOLECULES

For large detunings in an ICAS-beam experiment one can
have the number of photons much larger than the number of
molecules (as long as /I < 1), so a medium (molecules)
is by no means continuous and the saturation effects are of
importance. The Beer-Lambert law and the standard optimiza-
tion [/ = 2L(w) [1]] are no longer valid. To zeroth order, we
can set Ny & Ny in Eq. (4), where N, is the initial number of
photons injected into the cavity. According to Egs. (4) and (5),
the expression for the P, 7 -odd Faraday rotation angle can be
presented as

¥ () = (pl) (cm™*)K (cm/e)d, (ecm). (23)

For the X1 'TT;, — X2°I1, transition in the PbF molecule,
K ~ 2 x 10° cm/e. In the scenario employed in this paper
there is no optimal condition / = 2L(w). In principle, the
optical path length is limited only by the quality of the mirrors
in a cavity. For p ~ 10" cm™3, d, ~ 1.1 x 107® ecm, and
the optical path length / = 1 km (corresponding to a cavity
[39] intersected by a molecular beam 1 cm in diameter), ac-
cording to Eq. (23), one obtains ¥ ~ 2 x 10~!! rad. Under the
same conditions but with an optical path length / = 700 km
(corresponding to a cavity [40] intersected by a molecular
beam 1 cm in diameter), according to Eq. (23), one obtains
¥ ~ 1078 rad. Another thing one should worry about is that
the experiment cannot last more than the saturation time.
However, in our scenario, not the time of experiment but the
transit time of a molecule through the laser beam plays a
key role.

Let us estimate the saturation intensity for the transition un-
der investigation in the PbF molecule. According to Eq. (21),
for w = 1.56 x 101 s71, I'p = 4.5 x 107 s7!, [y = 2.7 %
10% s7!, and u = 5 one gets

Lo (u = 5) = 5.3 x 10° W/em?. (24)

Such an intensity corresponds to the injection of N ~ 3 x
10?° photons per second through a laser-beam cross section
of 1 mm?. Taking into account Eq. (18), such a saturation
intensity corresponds to the case when le‘ =W~ Tha =
2.7 x 103 571

The next question is, how many PbF molecules inside the
crossing volume are in the excited (X221'I3/2) state if the
laser intensity is equal to the saturation one? For simplicity
and without loss of generality, we consider the following
statement of the problem and do not consider any technical
issues. The PbF molecular beam, 1 cm in diameter, travels
through a 1-m-long cavity in a transverse direction with speed
Umol & 300 m/s. Continuous laser light, 1 mm in diameter,
of the saturation intensity is coupled to the cavity. Then the
transit time of the PbF molecule to pass through the laser beam
is 7, & 1073 s. The fraction of molecules in the excited state
for the case when Wy; 7 < 1 can be estimated as

(1 - e_WﬂT") ~ Wfiftr = Ijnatl'lr ~ 0.03. (25)

This means that if the saturation intensity is coupled to the
cavity, then only 3% of the total number of PbF molecules in
the crossing volume will be in the excited state.
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Alternatively, one can define the saturation parameter x =
Rexcit(U)/Rrelax- The Rexcit(#) is proportional to the inten-
sity 1. At the detuning Rexcit(# = 5)/Rexcit(u = 0) scales as
~f(u, v)/f(0,v) ~ v/u* (at the considered conditions v/u?
is a small number). The choice of the saturation intensity Igy
corresponds to ¥ = 1. In this case one has ~33% of molecules
in the excited state and ~67% of molecules in the ground
state. This means that one does not “bleach” the molecules.
However, in our proposal, since 1/7; > Rielax, We should de-
fine the saturation parameter as k = Rexcit (U)Te- AS aresult, in
such a beam-based ICAS experiment, the number of detected
photons can be increased by several orders of magnitude.

For the ICAS-beam experiment with the ThO molecules,
the coefficient K in Eq. (23) is K ~ 4 x 10® cm/e. Substi-
tuting the adopted parameters of ThO (v = 1.04 x 105 s~
Ip=29x107" s7!, Tha=5x10> s7', and u=5) in
Eq. (21), one obtains

Lo (u = 5) = 3.5 x 10° W/em?. (26)

This value corresponds to an injection of N ~ 3 x 10%
photons per second through the laser cross section of
1 mm?2. Estimating, similarly to the PbF case, the fraction of
molecules in the excited state 'y, 7 &~ 0.005. That is, if the
saturation intensity is coupled to the cavity, then only 0.5% of
the total number of ThO molecules in the crossing volume will
be in the excited state. This makes it possible to increase the
intensity coupled to the cavity by an order of magnitude. In
this case, one has N ~ 3 x 10?! photons per second through
the laser cross section ~1 mm? and 5% of the total number of
ThO molecules in the excited state in the crossing volume.
The next question concerns fundamental noises which de-
termine the statistical error of the experiment. The figure of
merit for the fundamental noise-limited experiment on the
molecular spin-precession observation (ACME style) is

1 1 1
8de ~ 7 — —F—, 27)

Eett Teoh Nl T

where 7., is the coherence time (a few milliseconds), Niel
is the number of molecules supplied to the experiment by the
molecular beam per unit time in the desired initial molecular
state, and T is the time of the experiment. In the ACME
experiment the statistics are determined by the number of
molecules (molecular spin noise). The experiment is carried
out on the excited state of a molecule with a nonzero total
angular momentum (spin).

Contrary to this, in our proposed experiment we do not
need to prepare molecules in the excited state. Our experiment
is carried out with molecules in the ground (zero-spin) states.
In the ground state of the ThO molecule, we do not have any
spin. In turn, excited by a laser, the state is optically inactive
to this laser (provided decoherence effects are negligible).
So there is no molecular spin noise in this case. Note that,
taking into account the nuclear spin, the PbF molecule can
also formally be considered as a molecule with zero total
angular momentum in the ground state [58]. The excited
states are produced in small amounts (~1%) during the ex-
periment and also they have no spin noise. So the statistics in
our case are defined by the number of detected photons. This
number can be much larger than that of molecules due to large

detuning. The figure of merit for the fundamental noise-
limited experiment in our proposed large-detuning case is

11 Tl 1
oy ~ Tl 1 (28)

Eeit Teoh c Nphol T

where Nphol is the number of detected photons per unit time
and 1.oh = [/c is the coherence time in the optical rotation
experiment. The factor Ny is the key difference between our
proposal and the ACME-style experiments.

V. CAVITY TRANSMISSION IN THE ICAS-BEAM
EXPERIMENT

In this section we consider the cavity transmission T,y,
i.e., the transmission of the light determined by the properties
of the mirrors. In principle, the sensitivity of the ICAS ex-
periments strongly depends on the parameters of mirrors. In
this paper we only briefly consider the problem of the cavity
transmission in the simplest model.

Let us consider two identical mirrors with high reflectivity
R=1-6,8~ 107°-10"7. Transmission of such an interfer-
ometer can be described as [59]

I _4(1L—RP(1-4A/2)
T L (Q2—2R+A)?

where [;; is the transmitted intensity, [, is the initial laser
intensity, and A is the light intensity loss in the absorber
during one round-trip. For the case of a PbF beam for one
pass (I ~ 1 cm)and adetuning u = 5,A < pol ~ 107°. Then
A < 8 and in principle can be negligible. In this case, Iy ~ I;j.
Note also that it is possible to choose such an initial laser
intensity and that the coupled intracavity intensity L = I /6
will reach the saturation intensity. This means that the trans-
mitted intensity is now I, = Iy x 8. The photon shot-noise
limit for an ideal polarimeter (see, e.g., the review [38]) is
1

N —— (30)
2 Nphot

, (29)

cav

where Npho is the number of detected photons.

Consider two cases of the existing cavities.

(1a) The cavity [39] with § ~ 107>, according to Eq. (24),
for the PbF case gives I, = Iy x 8§ ~ 5.3 x 1072 W/cm?. It
corresponds to the detection of Nphor ~ 3 X 10" photons per
second. Then, in such experiments with the integration time of
the order of two weeks, ~10° s (such an observation time was
in the ACME experiments), the number of detected photons
is Nppot ~ 3 x 1021, According to Eq. (30), in this case 6y ~
10~ rad. According to Eq. (23) for such a cavity and the
recent ACME experimental bound on the ¢EDM value, ¥ ~
10~ rad. As a result, for such parameters PbF is a candidate
to verify the recent ACME results via the alternative method.

(1b) The cavity [39] with § ~ 1073, for the ThO case,
gives N x 8§ &~ 3 x 10?! x 107 ~ 3 x 10! detected photons
per second. Then, in such experiments with the integration
time on the order of two weeks, ~10° s, the number of
detected photons is Nppot ~ 3 x 10?2, According to Eq. (30),
in this case 8y ~ 3 x 107!2 rad. According to Eq. (23) for
such a cavity and the recent ACME experimental bound on
the eEDM value, ¥ ~ 4 x 107! rad. As a result, ThO is a
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good candidate for improving the eEDM bound by one order
of magnitude.

(2a) The cavity [40] with § ~ 1077, according to Eq. (24),
for the PbF case gives Iy = Iy x 8 &~ 5.3 x 107* W/cm?. It
corresponds to the detection of Nphor ~ 3 X 10"3 photons per
second. Then, in such experiments with the integration time
on the order of two weeks, ~0° s, the number of detected
photons is Nppo ~ 3 x 10", According to Eq. (30), in this
case 81 ~ 107'1° rad. According to Eq. (23) for such a cav-
ity and the recent ACME experimental bound on the eEEDM
value, ¢ ~ 1078 rad. As a result, PbF is a good candidate for
improving the ¢eEDM bound by two orders of magnitude in
this case.

(2b) The cavity [40] with § ~ 1077, for the ThO case,
gives N x 8§ ~ 3 x 10?! x 1077 ~ 3 x 10'* detected photons
per second. Then, in such experiments with the integration
time on the order of two weeks, ~10° s, the number of
detected photons is Nphot ~ 3 x 1020, According to Eq. (30),
in this case 8y ~ 3 x 107!! rad. According to Eq. (23) for
such a cavity and the recent ACME experimental bound on the
¢EDM value, ¥ ~ 3 x 10~8 rad. As a result, ThO is a good
candidate for improving the ¢EDM bound by three orders of
magnitude in this case.

To conclude this section, we comment on the possible
sources of improving the P, 7-odd Faraday signal-to-noise
ratio. Note that, according to Eq. (5), the rotation angle is
proportional to ¥ ~ h(u, v)/T'}. For large dimensionless de-
tunings u (e.g., u =5), ¥ ~ 1/(uFD)2. For the case where
the number of photons is much larger than the number of
molecules (near the saturation threshold), one can neglect
the absorption of photons. Then it is no longer necessary to
make such a large detuning. However, even at the detuning
u = 1.5 [the second extremum of the A(u, v) function] where
h(u,v) ~ 0.5, ¥ ~ (3) x 1/T'}. Thus, the rotation angle is
enhanced by a factor of 5, but the shot noise [connected in
our case with the saturation intensity (21), which depends on
u] drops down by a factor of ~+/5. As a result, such smaller
detuning can improve the signal-to-noise ratio by no more
than a factor of 2. Obviously, increasing the number density
of the molecular beam and increasing the optical path length
(the quality of the mirrors) lead to improving the signal-to-
noise ratio. Note also that the value of the P, T -odd Faraday
rotation is determined by, among other things, the largest of
the widths (natural, collisional, transit time, Doppler, etc.). For
instance, for the PbF molecular-beam case, the largest width is
the Doppler one (I'yy = 2.7 X 103 s, the transit-time width
Mg ~1/277: 2 1.6 x 10*s7!, and I'p = 4.5 x 107 s7!). Fi-
nally, we would like to mention that with squeezed states

of light the photon shot-noise limit can be surpassed, which
would be favorable for the P, T-odd Faraday effect obser-
vation. However, these squeezed states of light have not yet
found their application in polarimetry.

VI. CONCLUSION

The recent most advanced eEDM constraint obtained in
the experiment with ThO is |d,| < 1.1 x 1072° ecm. In this
experiment, electron-spin precession in an external electric
field was employed and the effect was proportional to the
time spent by a particular molecule in an electric field. In the
present paper we suggested another method for observation
of such effects: a beam-ICAS P, 7-odd Faraday experiment
with molecules. A theoretical simulation of the proposed ex-
periment is based on the recently available ICAS parameters.
In this experiment it is not necessary to keep a separate
molecule in an electric field since the effect is accumulated in
the laser beam, which encounters many molecules. According
to our estimates for the PbF molecule, the current eEDM sen-
sitivity can be improved by one to two orders of magnitude.
In turn, for the ThO molecule, the current eEDM sensitivity
can be improved by one to three orders of magnitude. This
implies testing of new particles at an energy one to two orders
of magnitude larger than the current best constraint.

Making these predictions, we understand that some techni-
cal problems, not mentioned here, may arise. In this paper we
did not discuss the possible systematic errors, among which
the stray magnetic fields, the uncontrolled ellipticity of the
laser beam, and uncontrolled drift of mirrors are the most
evident. The problem of avoiding the P-odd optical rotation,
much stronger than the P, 7-odd rotation, also should be
resolved. We hope to address all these problems in future
studies.
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