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Standard model CP violation associated with the phase of the Cabibbo-Kobayashi-Maskawa quark
mixing matrix is known to give small answers for the electric dipole moment (EDM) observables.
Moreover, predictions for the EDMs of neutrons and diamagnetic atoms suffer from considerable
uncertainties. We point out that the CP-violating observables associated with the electron spin
(paramagnetic EDMs) are dominated by the combination of the electroweak penguin diagrams and
Al = 1/2 weak transitions in the baryon sector, and are calculable within chiral perturbation theory. The
predicted size of the semileptonic operator Cy is 7 x 10~'®, which corresponds to the equivalent electron
EDM 4% = 1.0 x 10~% e cm. While still far from the current observational limits, this result is 3 orders of

magnitude larger than previously believed.
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Introduction.—The searches for the electric dipole
moments (EDMs) of elementary particles [1-4] represent
an important way of probing the TeV scale new physics
[5-7]. Recent breakthrough sensitivity to CP violation
connected to electron spin (which we will refer to as
“paramagnetic EDMs”) [3] established a new limit on the
linear combination of the electron EDM d, and semi-
leptonic nucleon-electron NN&éiyse operators, commonly
parametrized by a Cy coefficient. The rapid progress of the
last decade, as well as some additional hopes for increased
accuracy (see, e.g., [8—10]), makes one revisit the standard
model (SM) sources of CP violation, and the expected size
of the paramagnetic EDMs in the SM.

The SM has two sources of CP violation. The first
source, undetected thus far, corresponds to the nonpertur-
bative effects parametrized by the QCD vacuum angle 6.
Recently it has been shown [11] that paramagnetic EDMs
are dominated by the two-photon exchange mechanism,
and the leading chiral behavior of the hadronic part of the
diagram is given by the t-channel exchange by z°, . CP
violation due to & comes through the z°(7)NN coupling.
The result, in combination with the experimental bound [3],
sets the independent limit on |0] < 3 x 1078, which is still
subdominant to the limit provided by d,,(6).

The second source of the SM CP violation is the
celebrated Kobayashi-Maskawa (KM) phase oxy [12],
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which is now observed to rather good accuracy in a plethora
of flavor transitions in B and K mesons. Observations are
often matched by rather precise theoretical predictions,
starting from [13]. The predictions of EDM-like observables
induced by 6xy thus far can be summarized by two
adjectives: small and uncertain. The suppression comes
from the necessity to involve at least two W bosons and
multiple loops [14—16] involving all three generations of
quarks. As a result, short distance contributions to quark
EDMs do not exceed 10733 ecm level [17]. At the same
time, it is clear that long-distance nonperturbative contribu-
tions, typically described as a combination of two transitions
changing strangeness by one unit, AS = £1, dominate d,
and nucleon-nucleon forces [18-22]. A more recent estimate
[23] places d, in the ballpark of few x 10732 ¢ cm with a
wide order-of-magnitude expected range. It is fair to say that
magnitudes of d,, and nucleon-nucleon forces (that feed into
the nuclear-spin-dependent atomic EDMs) cannot be accu-
rately predicted at this point.

What is the size of paramagnetic EDMs induced by
Ooxm? Recent estimates of d, [24] (dominated again by
long-distance effects) converge at the tiniest value of
~6 x 107*° ¢ cm), presumably with considerable uncertain-
ties corresponding to hadronic modeling of quark loops.
This result is subdominant to the Cg estimate due to the
two-photon exchange mechanism in combination with
AS = =1 transitions [25], which corresponds to equivalent
d, of ~1073® ecm. To introduce useful notations, this is
the EW2EM? order effect, where EW and EM stand for
electroweak and electromagnetic, respectively.

In this Letter, we demonstrate that the dominant con-
tribution to paramagnetic EDMs associated with the KM
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CP violation is given by the semileptonic Cg induced in
EW? order. It has an unambiguous answer in the flavor
SU(3) chiral limit and is calculable to ~30% accuracy,
which can be further improved. Remarkably, the result
reaches the level of ~107% ecm in terms of the d,
equivalent, which is 3 orders of magnitude larger than
previously believed [25].

Our starting point is the expression for the equivalent d,
that follows from atomic and molecular theory, and defines
the linear combination of two Wilson coefficients con-
strained by the most precise paramagnetic EDM measure-
ments performed with the ThO molecule:

A" = d, 4+ Cgx 1.5x 1072 e cm, (1)

where e is the positron charge. Current experimental limit

[3] stands as [d2""| < 1.1 x 1072° ¢cm. As per conven-
tion, Cy is defined with the Fermi constant factored out, and
vs corresponds to the 1y,(1 —ys) definition of the left-
handed current

Loy = cs% (2iyse) (Pp + n). 2)

Our goal is to calculate Cg(Sgp)-

Leading chiral order Cg calculation.—Because of the
conservation of the electron chirality in the SM, it is clear
that Cg o m,. This in turn rules out single-photon exchange
(EM penguin) as origin of m,éiyse, and one would need
either a two-photon mechanism [11,25] or the EW penguin
Z-boson exchange and W-box diagram. The most crucial
property of EW penguins is that, although they are formally
of the second order in weak interactions, their size is
enhanced by the heavy top, so that the result scales as
G2m?. EW penguins (as is well known, EW penguins must
also include W-box diagrams, and we include both) induce
By 4 — w u~ decays, and dominate the dispersive part of
K; — p"u~ amplitude. Dropping the vector part of the
lepton current (as not leading to m,eiyse), and integrating
out heavy W, Z, t particles, one can concisely write the
semileptonic operator as

Lewp = —Pgw X &y,rse X 5y*(1 —ys)d + (H.c.), 3)

where

G . agm(mz)
Pew = 7;- X VisVia X %I()‘J’ (4)

and the loop function is given by [26]

3/ x 2 1 3 x
1) :Z<x —t1> logxy 4% = n Ty M
t t

my’
(5

)

These results are well established, and unlike the case of
four-quark operators, the subsequent renormalization group
evolution of Eq. (3) introduces only small corrections (see,
e.g., [27,28]). This is because the QCD evolution is trivial
(apart from small threshold corrections at my,) due to the
partially conserved nature of the quark current, and QED
evolution is small « agy/7.

The most convenient representation of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix is when gy enters
mostly in V,,. It enters the imaginary part of Pgw and
couples the axial vector current of leptons to the 5y, (1 —
vs)d — dy,(1 —ys)s quark current. This current can create
or annihilate C P-even combination of the neutral kaons that
(in neglection of small e ) can be identified with K field.
Same operator in the muon channel induces K¢ — utpu~
meson decay [29,30]. Within chiral perturbation theory, the
axial vector current of leptons is treated as an external left-
handed current, which gives rise to

ki _ .
Luee = =5 Paw x 2y,rse x Tl (#U)UT] + (Hee.),

(6)

where U is the exponential of the meson octet M,
U = exp[2iMf;'], in our convention it transforms as
U = LURY, and h;; = 626;3. At linear order, this leads
to 9,K x ey!yse, and upon application of the equation of
motion for electrons we arrive at

Liee = =2V2fom,eiyse(Ks x ImPpy + K, X RePgy).
(7)

In this expression, f is the meson coupling constant,
which in the SU(3) symmetric limit is equal to ~134 MeV,
and we follow Ref. [31] conventions. Subsequent -
dependent corrections renormalize this coupling to f, —
fx ~ 160 MeV. While other s-quark containing resonances
may also contribute, the neutral kaon exchange, Fig. 1, will
give the only m;'-enhanced contribution in the chiral limit.

We now need to find out how the neutral kaons couple to
the nucleon scalar densities, pp and 7n, that occur due to
AS = =1 transitions in the EW! order. Instead of attempt-
ing such calculation from first principles (see, e.g., [32]) we
will use flavor SU(3) relations and connect this coupling
to the s-wave amplitudes of hadronic decays of strange
hyperons, following [31]. It is well known that empirical
AI = 1/2 rule holds for hyperon decays, and the leading
order SU(3) relations fit s-wave amplitudes with O(10%)
accuracy. It is strongly suspected that these amplitudes are
indeed induced by strong penguins (SPs), although this
assumption is not crucial for us. With that, one can write
the two types of couplings consistent with (8, 1) trans-
formation properties:

231801-2
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FIG. 1. EW? order diagram that dominates in the chiral limit.
The top vertex is the CP-odd, P-even K ¢Ziyse generated in EW?
order, and the bottom vertex is CP-even, P-odd K¢NN coupling
generated at EW! order.

Lgp = —aTr(B{E'hE, B}) — bTr(B[EThE, B]) + (Hoc.). (8)
In this expression, B is the baryon octet matrix, and & =
exp[iMfy']. Assuming a and b to be real, and taking
fo = f» they are fit by [31] to be [33]

a=056Gpf, x [my]% b= —142Ggf, X [m,+]*.

©)

Brackets over m_+ indicate that these are numerical values
taken, 139.5 MeV, rather than m, + m,-proportional theo-
retical quantity m,. These values can be easily found via the
least square fit to the nonleptonic s-wave amplitude, which
also indicates 10% theoretical accuracy of this fit. In the
assumption of a and b being real, only the Kg meson
couples to nucleons, 2'/2f5[(b — a) pp + 2biin]K g, which
will provide the dominant contribution. This type of
coupling breaks P but respects CP symmetry. Restoring
the CKM factors, one can also include much subdominant
coupling to K; so that we have

\/EGF X [mﬂ+}2fﬂ
|Vudvus|f0
X (RC(VZquS)KS + Im(VZquS)KL) (10)

Liny = — x 2.84(0.7pp + iin)

At the last step, we integrate out the K mesons as shown
in Fig. 1. Adopting it for a nucleus containing A = Z + N
nucleons, one arrives at a straightforward prediction for the
Ooxm-induced size of the electron-nucleon interaction:

N+0.7Z " 13[m,+ 2 f ym,Gp " apml (x,)

2

Cy~T X
s=J A my

(11)

. 2 9
zsin Oy,

where J is the rephasing invariant combination of the
CKM angles,

T =Im(VLV,, Vi V) =3.1x 1075, (12)

which carries about ~6% uncertainty. Notice that the f
factor in the numerator of Eq. (7) cancels against f, in the
denominator of Eq. (10), and this cancellation would
persist even one changes f, for f.

The overall scaling of this formula in the chiral limit and
at large x, is

GrCy x jG%m?mems_lAﬁadr’ (13)

where Ay,q 1S a typical hadronic energy or momentum
scale. Notice that this is far more singular behavior with m,
of a light quark than that arising in the chiral-loop-induced
expressions for d,. Also notice that the Ky exchange
dominates for any conventional parametrization of the
CKM matrix, and the role of K; exchange is to add small
pieces of the amplitude that take Re(V ,,V;)Im(V V7)),
arising from Ky exchange, to full 7. Substituting all SM
parameters, we obtain the following leading order (LO)
result:

C4(LO) ~5 x 10716, (14)

In order to estimate accuracy of the LO ~ O(m;!) result,
one could try to evaluate the next-to-leading-order (NLO)
corrections in the expansion over small m,. These correc-
tions can be divided into two groups: (1) corrections to the
KNN vertex at m, log m, order and (2) diagrams that do
not reduce to the 7-channel K-meson exchange. Type (1)
corrections involve essentially the same diagrams as those
appearing in the corresponding corrections to the s-wave
hyperon decays [31,35]. The analysis of Ref. [35] showed
that when the loop corrections are included with the tree-
level a and b parameters and the total theoretical result is fit
to experimental data, one notices that the tree-level values
for @ and b come out smaller than in Eq. (9), while the total
result is rather close to the tree-level fit for a, b. This comes
mostly from the renormalization of the meson and baryon
wave functions. The lesson from this is that the corrections
of type (1) for KNN weak coupling are expected to mirror
results of Ref. [35] for s-wave amplitudes, and therefore
would not deviate substantially from Eq. (10).

We then estimate type (2) corrections. It turns out that
they parametrically dominate over other types of correc-
tions, as the baryon pole diagrams, Fig. 2, contribute. The
my scaling of these corrections is set by the ratio of the loop
integral, proportional to my (at m% > m? limit), divided
by mass splitting Amp in the baryon octet, e.g., m, — m,,.
This quantity scales as m;]/ % and therefore these baryon
pole diagrams dominate the NLO contributions in the chiral
limit. They are fully calculable (i.e., do not depend on

231801-3
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FIG. 2. The baryon pole diagrams that contribute to Cg at the
NLO level in the chiral limit. The left vertex is the nucleon-
hyperon mixing induced by Eq. (8), while the top vertex is
induced by Eq. (6). The vertices without black dots are the strong
interaction with the coupling constants D and F. The diagrams
with the nucleon-hyperon mixing on the right side give the same
amount of contribution.

unknown counterterms), and the results for these correc-
tions are

CS,NLO(p> - m%(077D2 + 21DF — 23F2)
Csro(p) 24xf§(mgs —m,)

(15)

Csnio(n)
Csro(n)
_omy (a/b+3)
- 24xf5 [2V/6(mp —m,)
n a/b-1
2V2(mgo —m,)

(=0.44D? +3.2DF + 1.3F?)
(-0.53D> - 1.9DF + 1.6F?)|. (16)

It has been obtained using heavy baryon chiral perturbation
theory, and D, F are the coupling constants characterizing
the strength of the SU(3)-invariant baryon-meson strong
interaction, with F = 0.46, D = 0.8 typically used [31].
Since the dominant contribution comes from loops with
K — 7 transition, it is appropriate to take f(z) ~ f fk. Using
these numbers, we discover that NLO corrections interfere
constructively with LO, and give 30% correction for the
proton, and 40% for the neutron, correspondingly.
Combining LO and NLO, we arrive at our final result:

Cs(LO +NLO) ~6.9 x 1071°
= 2" ~ 1.0 x 107 ¢cm. (17)

The size of the NLO corrections also allows us to estimate
the accuracy of this computation as O(30%).

As stated in the introduction, this result is much larger
than previously believed, and exceeds any contributions

of d, into d®™" by at least 4 orders of magnitude. The
enhancement of Cg at EW? order compared to EW?EM?

can be roughly ascribed to ay/azy ~ O(10%). We note

that, although translating Cy to d5*"" depends on the atoms
or molecules that one considers (ThO above), this depend-

ence is mild and dz™" is within the same ballpark if we
instead consider, e.g., Tl or YbF [25].

Stepping away from chiral expansion, one can formulate
the necessary hadronic matrix element that will be required
to generate Cg in combination with the dominant ImPgyy
channel of Eq. (3). The corresponding d-to-s transitions
need to be taken in the first order, EW!, that break P and C
separately but conserve CP:

(N1i(57,(1 = 7s)d = dy,(1 = 15)$)IN)gw:
fs fr

N

N N. 18
my O-;wyS ( )

In this formula, g, stands for the momentum transfer.
It turns out that there are only two form factors on the right-
hand side of this expression that have the same CP
properties as the left-hand side. Moreover, f; in combi-
nation with ImPgy leads to CP-odd P-even interactions
that do not induce EDMs. Therefore only fg form factor
(that sometimes is called induced scalar) at g> — 0 is
relevant. We have provided the first two terms in the chiral
expansion of fg for neutrons and protons, so that effectively
fs < a(b) x mymy* + ---. While we use chiral perturba-
tion theory, in principle, calculation of f¢ can be attempted
using lattice QCD methods.

Finally, we note that other semileptonic operators such as
eeNiysN that lead to nuclear-spin-dependent effects are not
generated the same way at EW? order and therefore will be
suppressed compared to Eq. (11).

Conclusions.—We have shown that gy, induces the
CP-odd electron nucleon interaction at the level much
larger than previous estimates [25]. The main mechanism is
not a two-photon exchange, EW?EM?, between electron
and the nucleus, but the combination of a weak nonleptonic
EW! transition with the semileptonic EW? electroweak
penguin. Although the result is still small, it is not
unthinkable that the progress in sensitivity to paramagnetic

EDMs may reach the level of dg™" in the future. Indeed,
some novel proposals [8] envision that statistical sensitivity
to paramagnetic EDMs can be brought down to d,~
0(1073-10737) ecm.

It is not surprising that the Cg operator can be predicted,
at least in the SU(3) chiral expansion, rather precisely. This
clearly distinguishes our Cy calculation from d,(Sxym)
estimate that carries an order of magnitude uncertainty
with unclear prospects for improvement. In contrast, the
only significant source of uncertainty in Cg is in the
induced scalar form factor, Eq. (18), that can be improved
in the future with the use of lattice QCD methods.
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Even if one takes chiral SU(3) expansion skeptically, it

is clear that unique m;"' (LO) and m{l/ 2 (NLO) contribu-
tions to Cg identified in our Letter would not be cancelled
—unless completely accidentally—by other contributions,
mirroring a similar argument of [36] made for d,(6).
Therefore, 107> ecm should be adopted as the robust
Okm-induced SM benchmark value for all experiments
attempting the search of d, using electron spins in heavy
atoms and molecules. It also allows for establishing the
maximum sensitivity to CP-violating new physics via d,.
Taking a one-loop perturbative scaling, d, « (a/7)m,Ag},
and equating it to dg"" (Sxu), one arrives at the maximum
scale that is possible to probe with paramagnetic EDMs:
AR~ 5 % 107 GeV. Notice, however, that in models
with no chiral m, suppression of d, and/or tree-level Cg
generation by new physics, the ultimate scale can be
larger [37,38].

Y. E. and M. P. are supported in part by U.S. Department
of Energy Grant No. desc0011842. The Feynman diagrams
in this Letter are drawn with TikZ-Feynman [39].

*Corresponding author.
ema00001 @umn.edu
Corresponding author.
gao00212@umn.edu
*Corresponding author.
pospelov@umn.edu

[1] B. Graner, Y. Chen, E.G. Lindahl, and B.R. Heckel,
Reduced Limit on the Permanent Electric Dipole Moment
of Hgl199, Phys. Rev. Lett. 116, 161601 (2016); 119,
119901(E) (2017).

[2] W. B. Cairncross, D. N. Gresh, M. Grau, K. C. Cossel, T. S.
Roussy, Y. Ni, Y. Zhou, J. Ye, and E. A. Cornell, Precision
Measurement of the Electron?s Electric Dipole Moment
Using Trapped Molecular Ions, Phys. Rev. Lett. 119,
153001 (2017).

[3] V. Andreev et al. (ACME Collaboration), Improved limit on
the electric dipole moment of the electron, Nature (London)
562, 355 (2018).

[4] C. Abel et al. (nEDM Collaboration), Measurement of the
Permanent Electric Dipole Moment of the Neutron, Phys.
Rev. Lett. 124, 081803 (2020).

[5] J.S. M. Ginges and V. V. Flambaum, Violations of funda-
mental symmetries in atoms and tests of unification theories
of elementary particles, Phys. Rep. 397, 63 (2004).

[6] M. Pospelov and A. Ritz, Electric dipole moments as probes
of new physics, Ann. Phys. (Amsterdam) 318, 119 (2005).

[7] J. Engel, M. J. Ramsey-Musolf, and U. van Kolck, Electric
dipole moments of nucleons, nuclei, and atoms: The
standard model and beyond, Prog. Part. Nucl. Phys. 71,
21 (2013).

[8] A.C. Vutha, M. Horbatsch, and E. A. Hessels, Oriented
polar molecules in a solid inert-gas matrix: A proposed
method for measuring the electric dipole moment of the
electron, Atoms 6, 3 (2018).

[9] A.C. Vutha, M. Horbatsch, and E. A. Hessels, Orientation-
dependent hyperfine structure of polar molecules in a rare-
gas matrix: A scheme for measuring the electron electric
dipole moment, Phys. Rev. A 98, 032513 (2018).

[10] T. Fleig and D. DeMille, Theoretical aspects of radium-
containing molecules amenable to assembly from laser-
cooled atoms for new physics searches, New J. Phys. 23,
113039 (2021).

[11] V. V. Flambaum, M. Pospelov, A. Ritz, and Y. V. Stadnik,
Sensitivity of EDM experiments in paramagnetic atoms and
molecules to hadronic CP violation, Phys. Rev. D 102,
035001 (2020).

[12] M. Kobayashi and T. Maskawa, CP violation in the
renormalizable theory of weak interaction, Prog. Theor.
Phys. 49, 652 (1973).

[13] I.I. Y. Bigi and A.I. Sanda, Notes on the observability of
CP violations in B decays, Nucl. Phys. B193, 85 (1981).

[14] E.P. Shabalin, Electric dipole moment of quark in a gauge
theory with left-handed currents, Sov. J. Nucl. Phys. 28, 75
(1978).

[15] I. B. Khriplovich, Quark electric dipole moment and in-
duced 6 term in the Kobayashi-Maskawa model, Phys. Lett.
B 173, 193 (1986).

[16] M. E. Pospelov and I. B. Khriplovich, Electric dipole mo-
ment of the W boson and the electron in the Kobayashi-
Maskawa model, Sov. J. Nucl. Phys. 53, 638 (1991).

[17] A. Czarnecki and B. Krause, Neutron Electric Dipole
Moment in the Standard Model: Valence Quark Contribu-
tions, Phys. Rev. Lett. 78, 4339 (1997).

[18] L. B. Khriplovich and A. R. Zhitnitsky, What is the value of
the neutron electric dipole moment in the Kobayashi-
Maskawa model?, Phys. Lett. 109B, 490 (1982).

[19] M. B. Gavela, A. Le Yaouanc, L. Oliver, O. Pene, J.C.
Raynal, and T. N. Pham, CP violation induced by penguin
diagrams and the neutron electric dipole moment, Phys.
Lett. 109B, 215 (1982).

[20] V. V. Flambaum, I. B. Khriplovich, and O.P. Sushkov, On
the possibility to study P odd and 7 odd nuclear forces in
atomic and molecular experiments, Sov. Phys. JETP 60, 873
(1984).

[21] J.F. Donoghue, B. R. Holstein, and M. J. Musolf, Electric
dipole moments of nuclei, Phys. Lett. B 196, 196 (1987).

[22] B.H.J. McKellar, S.R. Choudhury, X.-G. He, and S.
Pakvasa, The neutron electric dipole moment in the standard
K~m model, Phys. Lett. B 197, 556 (1987).

[23] C.-Y. Seng, Reexamination of the standard model
nucleon electric dipole moment, Phys. Rev. C 91, 025502
(2015).

[24] Y. Yamaguchi and N. Yamanaka, Large Long-Distance
Contributions to the Electric Dipole Moments of Charged
Leptons in the Standard Model, Phys. Rev. Lett. 125,
241802 (2020).

[25] M. Pospelov and A. Ritz, CKM benchmarks for electron
electric dipole moment experiments, Phys. Rev. D 89,
056006 (2014).

[26] T. Inami and C.S. Lim, Effects of superheavy quarks and
leptons in low-energy weak processes k(L)—> mu anti-mu,
K+—> pi + neutrino anti-neutrino and KO <—> anti-KO,
Prog. Theor. Phys. 65, 297 (1981); Prog. Theor. Phys. 65,
1772(E) (1981).

231801-5


https://doi.org/10.1103/PhysRevLett.116.161601
https://doi.org/10.1103/PhysRevLett.119.119901
https://doi.org/10.1103/PhysRevLett.119.119901
https://doi.org/10.1103/PhysRevLett.119.153001
https://doi.org/10.1103/PhysRevLett.119.153001
https://doi.org/10.1038/s41586-018-0599-8
https://doi.org/10.1038/s41586-018-0599-8
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1016/j.physrep.2004.03.005
https://doi.org/10.1016/j.aop.2005.04.002
https://doi.org/10.1016/j.ppnp.2013.03.003
https://doi.org/10.1016/j.ppnp.2013.03.003
https://doi.org/10.3390/atoms6010003
https://doi.org/10.1103/PhysRevA.98.032513
https://doi.org/10.1088/1367-2630/ac3619
https://doi.org/10.1088/1367-2630/ac3619
https://doi.org/10.1103/PhysRevD.102.035001
https://doi.org/10.1103/PhysRevD.102.035001
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1016/0550-3213(81)90519-8
https://doi.org/10.1016/0370-2693(86)90245-5
https://doi.org/10.1016/0370-2693(86)90245-5
https://doi.org/10.1103/PhysRevLett.78.4339
https://doi.org/10.1016/0370-2693(82)91121-2
https://doi.org/10.1016/0370-2693(82)90756-0
https://doi.org/10.1016/0370-2693(82)90756-0
https://doi.org/10.1016/0370-2693(87)90603-4
https://doi.org/10.1016/0370-2693(87)91055-0
https://doi.org/10.1103/PhysRevC.91.025502
https://doi.org/10.1103/PhysRevC.91.025502
https://doi.org/10.1103/PhysRevLett.125.241802
https://doi.org/10.1103/PhysRevLett.125.241802
https://doi.org/10.1103/PhysRevD.89.056006
https://doi.org/10.1103/PhysRevD.89.056006
https://doi.org/10.1143/PTP.65.297
https://doi.org/10.1143/PTP.65.1772
https://doi.org/10.1143/PTP.65.1772

PHYSICAL REVIEW LETTERS 129, 231801 (2022)

[27] M. Gorbahn and U. Haisch, Charm Quark Contribution to
K(L)—> mu+ mu- at Next-to-Next-to-Leading, Phys. Rev.
Lett. 97, 122002 (2006).

[28] A.J. Buras, J. Girrbach, D. Guadagnoli, and G. Isidori, On
the standard model prediction for BR(Bs,d to mu+ mu-),
Eur. Phys. J. C 72, 2172 (2012).

[29] G. Isidori and R. Unterdorfer, On the short distance
constraints from K(L,S)—> mu+ mu-, J. High Energy
Phys. 01 (2004) 009.

[30] G. D’Ambrosio and T. Kitahara, Direct CP Violation in
K — utu~, Phys. Rev. Lett. 119, 201802 (2017).

[31] J. Bijnens, H. Sonoda, and M. B. Wise, On the validity of
chiral perturbation theory for weak hyperon decays, Nucl.
Phys. B261, 185 (1985).

[32] M. A. Shifman, A.I. Vainshtein, and V. I. Zakharov, Light
quarks and the origin of the delta 7 = 1/2 rule in the
nonleptonic decays of strange particles, Nucl. Phys. B120,
316 (1977).

[33] The overall sign of a and b is not fixed by the hyperon
nonleptonic decay (the relative sign between a and b is fixed
to be negative). We use the sign motivated by the vacuum

factorization of strong penguins [32,34]. If the overall sign
is opposite, it only affects the overall sign of C (and dg™™")
and not its absolute value.

[34] J. Tandean and G. Valencia, CP violation in hyperon
nonleptonic decays within the standard model, Phys. Rev.
D 67, 056001 (2003).

[35] E. E. Jenkins, Hyperon nonleptonic decays in chiral per-
turbation theory, Nucl. Phys. B375, 561 (1992).

[36] R.J. Crewther, P. Di Vecchia, G. Veneziano, and E. Witten,
Chiral estimate of the electric dipole moment of the neutron
in quantum chromodynamics, Phys. Lett. 88B, 123 (1979);
Phys. Lett. 91B, 487(E) (1980).

[37] D. McKeen, M. Pospelov, and A. Ritz, Electric dipole
moment signatures of PeV-scale superpartners, Phys. Rev. D
87, 113002 (2013).

[38] W. Dekens, J. de Vries, M. Jung, and K.K. Vos,
The phenomenology of electric dipole moments in
models of scalar leptoquarks, J. High Energy Phys. 01
(2019) 069.

[39] J. Ellis, TikZ-Feynman: Feynman diagrams with TikZ,
Comput. Phys. Commun. 210, 103 (2017).

231801-6


https://doi.org/10.1103/PhysRevLett.97.122002
https://doi.org/10.1103/PhysRevLett.97.122002
https://doi.org/10.1140/epjc/s10052-012-2172-1
https://doi.org/10.1088/1126-6708/2004/01/009
https://doi.org/10.1088/1126-6708/2004/01/009
https://doi.org/10.1103/PhysRevLett.119.201802
https://doi.org/10.1016/0550-3213(85)90569-3
https://doi.org/10.1016/0550-3213(85)90569-3
https://doi.org/10.1016/0550-3213(77)90046-3
https://doi.org/10.1016/0550-3213(77)90046-3
https://doi.org/10.1103/PhysRevD.67.056001
https://doi.org/10.1103/PhysRevD.67.056001
https://doi.org/10.1016/0550-3213(92)90111-N
https://doi.org/10.1016/0370-2693(79)90128-X
https://doi.org/10.1016/0370-2693(80)91025-4
https://doi.org/10.1103/PhysRevD.87.113002
https://doi.org/10.1103/PhysRevD.87.113002
https://doi.org/10.1007/JHEP01(2019)069
https://doi.org/10.1007/JHEP01(2019)069
https://doi.org/10.1016/j.cpc.2016.08.019

