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Time-reversal breaking and parity-conserving millistrong interactions, suggested in 1965, still remain a 
viable mechanism of CP-violation beyond the Standard Model. One of its possible manifestations is the 
T-odd asymmetry in the transmission of tensor-polarized deuterons through a vector-polarized hydrogen 
gas target. Upon the rotation of the deuteron polarization from the vertical direction into the ring plane, 
the T-odd asymmetries, odd against the reversal of the proton polarization in the target, will continuously 
oscillate with first or second harmonics of the spin precession frequency. The Fourier analysis of the 
oscillating T-odd asymmetries allows for an easy separation from background persistent in conventional 
experiments employing static vector and tensor polarizations.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

In 1965 Okun [1], Prentki & Veltman [2], and Lee & Wolfen-
stein [3] suggested millistrong, flavor and parity (P) conserving, but 
time-reversal (T) violating (TVPC) interactions, as a source of CP vi-
olation in neutral kaon decays. The Standard Model (SM) predicts 
the experimentally accessible CP violation only in flavor chang-
ing processes. In beyond SM (BSM) millistrong CP-odd interactions 
(MSCPV), T-violation in flavor conserving strong and nuclear reac-
tions, γ -transitions and β-decays is possible at the level of ∼ 10−3. 
An intriguing open issue is whether MSCPV can resolve the puzzle 
of the anomalously large baryon asymmetry of the Universe (for a 
review, see [4]).

In this paper, we propose a new approach to the search for 
T-violation in double-polarized proton-deuteron (pd) transmission 
experiments. It is based on the rotation of the vertical polariza-
tion of stored deuterons into the ring plane. The in-plane vector 
and tensor polarizations precess with the first or second har-
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monic of the idle spin-precession frequency. Their interactions 
with an internal polarized hydrogen target give rise to a hierar-
chy of polarization asymmetries. In the conventional search for 
T-violation in double-polarized pd interactions [5,6], the static T-
odd tensor asymmetry receives a systematic contribution from 
the hard-to-control background from vector polarized deuterons 
in the tensor polarized cell target [7,8] (for a discussion of un-
wanted spin components in cell targets, see [9]). It is crucial that 
this daunting task of separating the T-violating signal from the 
systematic background, can be met with Fourier analyses, which 
readily distinguishes different polarization asymmetries by their 
oscillation frequency and parity with respect to the reversal of 
the proton target polarization. This feature gives storage ring ex-
periments with oscillating in-plane polarizations a clear advan-
tage over experiments with static deuteron and proton polariza-
tions.

As a proof-of-principle, in 2014 the JEDI collaboration for the 
first time made use of the precessing in-plane deuteron polar-
ization for a high precision measurement of the spin-precession 
frequency [10,11]. Subsequently, a feedback system to stabilize the 
spin-precession frequency was developed [12]. The possibility of 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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fast reversal and rotation of the proton target polarization has been 
demonstrated, e.g., at IUCF [9]. Putting the oscillating polarization 
of stored protons to use in the search for P-violation in hadronic 
interactions at the NICA collider has recently been proposed in 
[13]. The possibility to accelerate particles with precessing polar-
ization has already been discussed in 2002 [14].

Our focus here will be on search for the MSCPV interaction via 
the TVPC asymmetry in the total cross section of double-polarized 
proton-deuteron (pd) scattering. Alongside the TVPC asymmetry, 
one can study in the same experimental setup the T-odd and P-
odd (TVPV) asymmetry, which recently received much theoretical 
scrutiny (for an extensive discussion, see [15,16]). We show that, 
besides these two T-odd asymmetries, oscillating vector and tensor 
polarizations provide a new access to a whole family of further 
single- and double-polarization observables.

In the SM, flavor-conserving TVPC effects are only possible to 
the second order in weak interactions, and are far below the reach 
of present experimental observations. An example of the second 
order observable is the much discussed TVPV electric dipole mo-
ment of the neutron, expected in the SM at the level of dn ∼
10−32 e cm [17]. The dimensional estimate from MSCPV amounts 
to dn ∼ 10−24 e cm [18–21]. The best recent experimental upper 
bound is dn = (0.0 ± 1.1stat ± 0.2sys) · 10−26 e cm [22]. However, in 
view of the complexity of the interplay of long-distance and short-
distance effects, the present bounds on dn do not preclude MSCPV 
as a source of CP-violation [23,24].

Direct constraints on TVPC effects in flavor-conserving pro-
cesses include tests of the detailed-balance principle [25], studies 
of the β-decay of polarized neutrons [26], transmission of po-
larized neutrons through a spin-aligned 165Ho target [27], and 
charge-symmetry breaking in spin observables of pn scattering 
[28]. According to [23,24], these bounds do not contradict expec-
tations from the MSCPV interaction, and Kurylov et al. strongly 
emphasize the importance of direct searches for TVPC effects in 
scattering experiments [23].

In transmission experiments, the best upper bound on the 
TVPC asymmetry has been achieved in interactions of 5.9 MeV 
polarized neutrons with tensor polarized 165Ho crystals, yielding 
ATVPC = A5 < 2.2 · 10−5 [27]. The subsequent proposal to search 
for the TVPC asymmetry in pd- scattering anticipated interactions 
of vertically polarized protons, stored in the COSY ring, passing
through a tensor-polarized deuterium storage cell target [5]. The 
related theoretical estimates were performed for the energy range 
100 to 1000 MeV [29–31]. On a statistical basis, the TVPC asym-
metry of ∼ 10−6 is within the reach of pd transmission exper-
iments [5] (see also [10] for the related discussion of oscillat-
ing asymmetries). Experimental investigations of the T-invariance 
in pp scattering were conducted, probing the equality of the fi-
nal state polarization P and the vector analyzing power A. A 
relatively weak bound on (P − A) was obtained, the best re-
sult being (P − A) = 0.0047 ± 0.0025stat ± 0.0015sys [32]. With 
the null observable available in double-polarized pd scattering, 
there is a potential to further tighten the upper bound on T-
violation in nucleon-nucleon interactions by several orders in mag-
nitude.

The further presentation is organized as follows. We start with 
a brief review of spin observables in pd transmission experiments. 
Then, we derive the evolution equation of vector and tensor polar-
izations of deuterons when exposed to a resonant RF spin rotator, 
and report on explicit solutions for the precessing vector and ten-
sor polarizations for the relevant initial vertical polarization. Next, 
we discuss how Fourier analyses furnish the determination of TVPC 
and TVPV asymmetries, and comment on the access to further spin 
observables, beyond the T-violating ones, using precessing polar-
izations.
2

2. Spin asymmetries in the total pd cross section

The spin-dependent total pd cross section is written as

σtot =σ0 + σTT

[(
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(
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+ σTVPCkm Tmnεnlr P p
l kr .

(1)

Here Pd and Pp are the vector polarizations of deuteron and pro-
ton, Tmn is the tensor polarization of the deuteron and k is the unit 
vector along the collision axis. We chose the latter for the z-axis, 
the y-axis is orthogonal to the ring plane, so that Tmnkmkn = T zz , 
and

km Tmnεnlr P p
l kr = Txz P p

y − T yz P p
x . (2)

In Eq. (1), the cross sections σ0, σTT, σLL, and σT correspond to 
ordinary P-even and T-even interactions, σ p

PV, σ d
PV, and σ T

PV are sig-
nals of the P-violation, and σTVPV denotes the T- and P-violating 
one.

The last term in Eq. (1), σTVPC, denotes the null observable for 
the TVPC interaction [33–35]. This observable can be neither im-
itated by initial, nor by final state interactions; it would vanish 
unless the manifest T-violating interaction is at work.

The TVPC and TVPV experiment with polarized deuterons in a 
storage ring with installed RF spin rotator is envisaged as follows. 
One starts with injection of deuterons with vertical spin �S and 
tuning conditions to provide a long spin-coherence time [36,37]. 
Throughout this paper, �S(t) will stand for the time-dependent 
deuteron spin operator, its expectation value, �P d(t) = 〈�S(t)〉, is the 
polarization vector. The initial vertical vector polarization 〈S(0)〉 =
P d

y(0)�e y entails also the tensor polarization T yy(0) = 〈Q yy(0)〉, 
where the spin-tensor operator is defined as

Q mn(t) = Sm(t)Sn(t) + Sm(t)Sm(t) − 2

3
�S2δmn . (3)

The electric quadrupole moment of the deuteron is of the order 
of the deuteron magnetic moment times the size of the deuteron. 
In a storage ring, its interaction with the gradient of the motional 
electric field [38] is some 13 to 14 orders in magnitude smaller 
than the interaction of the magnetic moment with the magnetic 
field. Consequently, the deuteron spin dynamics in a storage ring 
is entirely driven by the evolution of its vector polarization.

The angular velocity �� of the idle spin precession in the lab-
oratory frame is given by the Thomas-Bargmann-Michel-Telegdi 
(T-BMT) equation [39]. It is convenient to follow rotations of the 
spin with respect to the particle momentum, i.e., ��s = ��− ��r , sub-
tracting the cyclotron angular velocity ��r . A convenient quantity is 
the spin tune νs = �s/�r . The idle spin-precession angle per turn 
equals θs = 2πνs . As a spin rotator, we consider an RF solenoid 
with magnetic field along the z-axis, tangential to the beam or-
bit. It is operated at the spin-precession frequency f s = �s/(2π) =
νs fr (modulo to integers of the cyclotron frequency fr ).

As a function of the turn number n, the spin evolves stro-
boscopically: (1) it idly precesses about the vertical axis during 
a full revolution, and (2), while passing the RF solenoid, it ac-
quires a turn-dependent rotation about the z-axis by the angle 
ψ(n) = ψRF cos(θsn), ψRF � 1. The polarimeter, located right be-
hind the spin rotator, stroboscopically analyses the spin orientation 
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once per turn. The RF spin rotator gives rise to the evolution of the 
envelope of the precessing polarization. The transition from the 
stroboscopic evolution to the continuous time dependence with 
n = fr t is furnished by the Bogoliubov-Krylov-Mitropolsky (BKM) 
averaging [40].

Following the treatment described in [41], extended to the 
SO(3) formalism, one can derive the BKM-averaged spin evolution 
in factorized form,

�S(n) = Revol(n)�S(0) ,

Revol(n) = Ridle(n)Renv(n) ,
(4)

where the idle precession and the spin-envelope evolution matri-
ces equal, respectively,

Ridle(n) =
⎛
⎝

cos θsn 0 sin θsn
0 1 0

− sin θsn 0 cos θsn

⎞
⎠ , (5)

Renv(n) =
⎛
⎝

cosεn sinεn 0
− sinεn cosεn 0

0 0 1

⎞
⎠ . (6)

The latter describes the rotation of the spin envelope in the 
xy-plane by a constant angle ε = ψRF/2 per turn, i.e., with the 
spin-resonance tune (strength) νres = ε/(2π). Then, the final spin-
evolution operator becomes

Revol(n) =⎛
⎝

cos θsn · cosεn cos θsn · sinεn sin θsn
− sinεn cosεn 0

− sin θsn · cosεn − sin θsn · sinεn cos θsn

⎞
⎠ .

(7)

At the boundary condition 〈�S(0)〉 = P d
y(0)�e y one has

�S(n) = S y(0)[ cos(εn)�e y

+ sin(εn)[cos(θsn)�ex − sin(θsn)�ez] ,
(8)

with the conspicuous interpretation of cosεn and sinεn being the 
envelopes of the vertical and in-plane polarizations, respectively. 
Apart from the time dependence of the envelope, the in-plane 
polarization continuously precesses with the idle precession fre-
quency.

The idle precession frequency f s and the spin phase can be de-
termined from the up-down asymmetry, measured in elastic scat-
tering of deuterons on carbon target in the polarimeter [10]. Such 
a determination of the spin phase from the radial polarization is 
tantamount to setting the time stamp of the longitudinal polariza-
tion.

The interaction of protons of about 135 MeV with a deuterium 
target [5,6] amounts to the interaction of deuterons of 270 MeV 
with a proton target, incidentally close to the optimum energy for 
the polarimetry of deuterons, elastically scattered off a carbon tar-
get [42].

3. Precessing tensor polarization of the deuteron

As stated above, the spin-tensor operator does not enter per se 
the spin-interaction Hamiltonian. For that reason, its evolution can 
be written down right away,

Q(n) = Revol(n)Q(0)RT
evol(n) , (9)

without the need to solve a set of five differential equations for 
the tensor polarization operator [43–45]. Upon averaging over the 
injected ensemble of vertically polarized particles, one obtains
3

P d
x,z(0) = 〈Sx,z(0)〉 = 0 , (10)

although the in-plane polarizations do build up under the action of 
the spin rotator [see Eq. (8)]. On exactly the same footing, all the 
off-diagonal tensor polarizations vanish as well, T yx(0) = T yz(0) =
Txz(0) = 0, and Txx(0) = T zz(0) = − 1

2 T yy(0). Then, Eq. (9) yields

T yy(n) = 1

2
T yy(0) ·

[
−1 + 3 cos2 εn

]
,

Txx(n) = 1

2
T yy(0) ·

[
−1 + 3 sin2 εn · cos2 θsn

]
,

T zz(n) = 1

2
T yy(0) ·

[
−1 + 3 sin2 εn · sin2 θsn

]
,

T yx(n) = 3

2
T yy(0) · sinεn · cosεn · cos θsn ,

T yz(n) = −3

2
T yy(0) · sinεn · cosεn · sin θsn ,

Txz(n) = −3

4
T yy(0) · sin2 εn · sin 2θsn .

(11)

The working point of the experiment, with the vector polarization 
in the ring plane, is reached at n = n∗ , i.e., when εn∗ = π/2, at 
which point the RF spin rotator is turned off. The overall spin-
evolution operator upon subsequent m idle precession turns will 
be

Revol(n
∗,m) = Ridle(m)Ridle(n

∗)Renv(n
∗)

= Ridle(n)Renv(n
∗) ,

(12)

where n = m + n∗ . This representation allows an easy interpreta-
tion: the evolution of envelopes freezes at n = n∗ , while the idle 
precession continues without interruption.

Some observations on these results are in order. The tensor po-
larization evolves from T yy(0) to T yy(n ≥ n∗) = −T yy(0)/2, and 
it does not depend on the spin-precession phase θsn. The depen-
dence of T yy on the spin-rotation angle εn has been observed 
experimentally at COSY [46]. The dependence of Txx and T zz on 
the spin-precession angle cancels in the sum Txx(n) + T zz(n) =
−T yy(n).

The two off-diagonal tensor polarizations T yx(n) and T yz(n) can 
be combined into the in-plane vector, �Q 1(n) = T yx(n)�ex + T yz(n)�ez , 
which precesses with the same idle precession frequency as the in-
plane vector polarization (see also [43]). Its envelope is the product 
of the envelopes for P y and P x,z , and it vanishes for pure in-
plane vector polarization. Similarly, �Q 2(n) = [Txx(n) − T zz(n)] �ex +
2Txz(n)�ez is the in-plane vector polarization, which precesses with 
twice the idle precession frequency (see also [43]). Its envelope 
sin2 εn is equal to the square of the envelope of the in-plane vec-
tor polarization.

Stored vector and tensor polarized deuteron beams and inter-
nal polarized gas targets are routinely operated in high-energy 
spin-physics experiments. At COSY for instance, vector and ten-
sor beam polarizations of about 0.75 and 0.6 of the ideal value, 
respectively, are obtained [47], while hydrogen storage cell gas tar-
gets are typically operated at nuclear polarizations of 0.75 [48]. 
The tensor analyzing powers in pd scattering are experimentally 
known to be large [49–51] and are well understood theoretically 
[52,53]. The robust polarimetry of diagonal tensor polarization in 
pd scattering is well established [46,47]. It would be very inter-
esting to experimentally test the consistency of the phase of the 
spin oscillations using the tensor polarization with the one from 
the vector polarization. Besides that, the experimental observation 
of the oscillating PC tensor asymmetry in the interaction with an 
unpolarized proton target will directly gauge the sensitivity to the 
TVPC asymmetry.
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4. The TVPC asymmetry: signal and backgrounds

The above analysis suggests that the TVPC asymmetry,

ATVPC(n) = −3

4
· σTVPC

σ0
T yy(0)P p

y · sin2 εn∗ · sin 2θsn , (13)

constitutes a unique P p
y-odd asymmetry, which oscillates with 

twice the idle precession frequency. It is readily distinguish-
able from the T-conserving and P p

y-independent component of 
the tensor asymmetry arising from σTT zz(n), proportional to 
sin2 εn∗ cos 2θsn.

In the conventional approach with static polarizations, the 
residual P d

y,res in the Txz tensor-polarized deuterium target, con-

tributes a hard to quantify P p
y-odd background ∝ σTT P d

y,res P p
y

[5,7,8]. In the novel approach described here, a possible small de-
parture of εn∗ from π/2 shall give rise to a constant P p

y-odd offset 
∝ σTT P p

y P d
y(0) cosεn∗ , which does not affect the determination of 

the oscillating TVPC term by a Fourier analysis.
A misalignment of the proton polarization in the target with 

respect to the normal to the ring plane �e y generates unwanted 
P p

x and P p
z components [see also [9]]. These will produce a back-

ground �P p-odd signal proportional to P d
y(0) sinεn∗(σTT P p

x cos θsn −
σLL P p

z sin θsn), distinguishable from the TVPC signal by Fourier 
analysis. A further unwanted contribution from misalignment is 
the P p

x -odd term σTVPCT yz(n) P p
x ∝ sinεn∗ · cosεn∗ · sin θsn [see 

Eq. (2)]. It is part of the TVPC signal that oscillates with the idle 
precession frequency f s . Besides that, this signal is suppressed be-
cause cosεn∗ is small.

Yet another oscillating background from misalignment, propor-
tional to P p

z cos 2θsn · sin2 εn∗ , stems from the P-odd tensor cross 
section σ T

PV P p
z T zz(n). Besides P p

z being small, this contribution is 
additionally suppressed by parity violation (see Sec. 6).

5. Determination of the TVPV asymmetry

There are two possibilities to search for the TVPV interaction. 
The first approach to isolate σTVPV(k · [Pd × Pp]) demands for the 
radial polarization of target protons. The technique of switching 
the target polarization in sign and direction by reversing a weak 
guide field is described in [9]. In this case

σTVPVk ·
[

Pd × Pp
]

∝ P d
y(0) P p

x cosεn , (14)

the corresponding T-odd signal will be P p
x -odd and has a charac-

teristic envelope cosεn. It is easily distinguishable from the oscil-
lating σTT P d

x (n) P p
x ∝ sinεn∗ · cos θsn.

The second approach to the TVPV asymmetry is to retain the 
vertical polarization of protons and to take advantage of the pre-
cessing vector polarization of deuterons. In that case,

k ·
[

Pd × Pp
]

= P d
x (n) P p

y ∝ P p
y sinεn∗ · cos θsn (15)

is P p
y-odd, and oscillates with the frequency f s . Furthermore, 

choosing a second working point, εn∗ = 3π/2, offers an extra cross 
check of the T-violation property, as it amounts to the reversal of 
the sign of the deuteron in-plane vector polarization compared to 
the case of n∗ = π/2. Thus, the oscillating signal [see Eq. (15)] can 
readily be isolated from the offset σTT P d

y(n
∗) P p

y .
The case of the TVPV asymmetry summarizes the remarkable 

power of the precessing-polarization approach to T-violation in pd
interactions. In the same experimental setup, one can simultane-
ously search for TVPC and TVPV asymmetries with about the same 
sensitivity.

Next we comment on longitudinal spin asymmetries. In the 
case of an unpolarized target, the P-violating asymmetry Ad (n) ∝
PV

4

sin θsn oscillates with the frequency f s , and the method is equally 
applicable to orbiting horizontally polarized protons [13]. Apart 
from Ad

PV(n), there will be an extra signal from the tensor polariza-
tion T zz(n), which has a component oscillating with the frequency 
2 f s . The two signals are readily separated by the Fourier analysis. 
This possibility to measure the tensor asymmetry AT = σT/σ0 in 
the scattering of deuterons on various unpolarized internal targets 
comes as an extra bonus from the in-plane precessing deuteron 
polarization.

6. New access to longitudinal spin observables: the 
longitudinally polarized target

To measure the P-conserving double longitudinal asymmetry 
ALL with stored deuterons, one needs longitudinally polarized pro-
tons in the target cell [9]. For the deuteron spins in the ring plane, 
the observed asymmetry equals

Adp,pp
LL (n) = σLL

σ0
P d

z (n) P p
z ∝ P p

z sin θsn . (16)

It is P p
z -odd and oscillates with the frequency f s . The same tech-

nique applies to stored polarized protons.
Alongside ALL(n), one will gain access to the PV tensor asym-

metry AT
PV. The signal of this asymmetry will be P p

z -odd and will 
oscillate as cos 2θsn. A conservative expectation for this asymme-
try, AT

PV ≈ Ap
PV AT ∼ 10−7 × AT, suggests that it is hardly accessible 

for current experiments. To the best of our knowledge, this asym-
metry has never been searched for experimentally, and the issue 
of AT

PV is an entirely open one.
The approach to employ the oscillating longitudinal polariza-

tion to study the T-conserving P-violating single-spin asymme-
try has already been discussed in [13]. Deep inelastic scattering 
of longitudinally polarized electrons off longitudinally polarized 
deuterons constitutes an imperative part of the spin physics pro-
gram at eRHIC. Here one faces the known problems of ensuring 
the stable longitudinal polarization of deuterons at the interaction 
point [54], and it is worth to take a fresh look at the possibility of 
working with oscillating in-plane polarization of ultra-relativistic 
deuterons. In order to make this approach viable, a solution has to 
be found to increase the in-plane spin-coherence time of ∼ 1400 s, 
achieved so far at COSY [36,37,55], by more than one order of mag-
nitude to match the expected storage time of ∼ 10 h at eRHIC 
[56].

7. Summary and conclusions

At the moment, the T-invariance in proton-proton scattering 
has been tested to a moderate accuracy of ∼ 10−2. The new ap-
proach described here allows one to measure spin asymmetries 
in storage ring experiments based on the oscillating vector and 
tensor asymmetries of stored protons and deuterons. Such inves-
tigations to search for T-violation in pd interactions in double-
polarized storage ring experiments can be performed, e.g., at 
COSY or NICA. The JEDI experience with precessing stored vector-
polarized deuterons can readily be extended to precessing tensor-
polarized deuterons.

Of special interest here is the search for millistrong CP violation 
in hadronic interactions as a potential source of CP violation be-
yond the Standard Model. Here one needs to isolate the oscillating 
TVPC component in the pd total cross section. One of merits of this 
approach is that attenuation of beams of different polarizations 
will be compared within the same cycle, diminishing the possible 
cycle-to-cycle systematics. The required tensor polarimetry is well 
advanced and monitoring the precessing tensor polarization is not 
an issue. In the case of the total cross section one needs a non-
destructive measurement of the beam attenuation in the internal 
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polarized hydrogen gas target by comparison of the total charge of 
the bunch in front of and behind the target. A test experiment with 
beam bunches simulated by a pulsed current flowing through a 
wire, making use of a high-precision beam-current transformer has 
been conducted at IKP of Forschungszentrum Jülich. The conclu-
sion of this study is that a measurement of the TVPC asymmetry 
up to an accuracy of 10−6 is within reach [57]. We emphasize 
that the sensitivity to the oscillating TVPC signal can be evalu-
ated directly by experimental observation of the oscillating tensor 
asymmetry using an unpolarized target.

The Fourier analysis of oscillating spin asymmetries, in conjunc-
tion with the reversal of the proton target polarization, will enable 
one to uniquely determine the T-violating and P-conserving asym-
metry ATVPC, and simultaneously the T-violating and P-violating 
asymmetry ATVPV. As a byproduct, the same technique of precess-
ing vector polarization can be used to study concurrently in the 
same experimental setup a whole family of P-odd and P-even spin 
asymmetries.
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Żurek, Phase locking the spin precession in a storage ring, Phys. Rev. Lett. 
119 (2017) 014801, https://doi .org /10 .1103 /PhysRevLett .119 .014801, https://
link.aps .org /doi /10 .1103 /PhysRevLett .119 .014801.

[13] I.A. Koop, A.I. Milstein, N.N. Nikolaev, A.S. Popov, S.G. Salnikov, P.Yu. Shatunov, 
Yu.M. Shatunov, Strategies for probing P-parity violation in nuclear collisions 
at the NICA accelerator facility, Phys. Part. Nucl. Lett. 17 (2) (2020) 154–159, 
https://doi .org /10 .1134 /S1547477120020107.

[14] I.M. Sitnik, V.I. Volkov, D.A. Kirillov, N.M. Piskunov, Y.A. Plis, Precessing 
deuteron polarization, PEPAN Lett. 2 (2002) 22.

[15] J. de Vries, U.-G. Meißner, Violations of discrete space–time symmetries in chi-
ral effective field theory, Int. J. Mod. Phys. E 25 (05) (2016) 1641008, https://
doi .org /10 .1142 /S0218301316410081, arXiv:1509 .07331.

[16] J. de Vries, E. Epelbaum, L. Girlanda, A. Gnech, E. Mereghetti, M. Viviani, Parity-
and time-reversal-violating nuclear forces, arXiv:2001.09050, 2020.

[17] I.B. Khriplovich, S.K. Lamoreaux, CP Violation Without Strangeness: Electric 
Dipole Moments of Particles, Atoms, and Molecules, Springer, Berlin, Germany, 
1997, 230 p.

[18] L.B. Okun, The violation of CP invariance, Sov. Phys. Usp. 9 (1967) 574–601, 
https://doi .org /10 .1070 /PU1967v009n04ABEH003013.

[19] R. Conti, I. Khriplovich, New limits on T odd, P even interactions, Phys. Rev. 
Lett. 68 (1992) 3262–3265, https://doi .org /10 .1103 /PhysRevLett .68 .3262.

[20] W.C. Haxton, A. Horing, M.J. Musolf, Constraints on T odd and P even hadronic 
interactions from nucleon, nuclear, and atomic electric dipole moments, Phys. 
Rev. D 50 (1994) 3422–3432, https://doi .org /10 .1103 /PhysRevD .50 .3422.

[21] M. Ramsey-Musolf, Electric dipole moments and the mass scale of new T vio-
lating, P conserving interactions, Phys. Rev. Lett. 83 (1999) 3997–4000, https://
doi .org /10 .1103 /PhysRevLett .83 .3997, Erratum: Phys. Rev. Lett. 84 (2000) 5681, 
arXiv:hep -ph /9905429.

[22] C. Abel, S. Afach, N.J. Ayres, C.A. Baker, G. Ban, G. Bison, K. Bodek, V. Bon-
dar, M. Burghoff, E. Chanel, Z. Chowdhuri, P.-J. Chiu, B. Clement, C.B. Crawford, 
M. Daum, S. Emmenegger, L. Ferraris-Bouchez, M. Fertl, P. Flaux, B. Franke, A. 
Fratangelo, P. Geltenbort, K. Green, W.C. Griffith, M. van der Grinten, Z.D. Grujić, 
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