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Triggered by experimental prospects to measure electromagnetic dipole moments of baryons containing
a bottom quark, we calculate the CP-odd electric dipole moments (EDMs) of spin-1=2 single-bottom
baryons. We consider CP-violating dimension-6 operators in the Standard Model effective field theory that
involve bottom quarks and apply heavy-baryon chiral perturbation theory to compute the EDMs of several
baryons. We discuss the expected size of the EDMs for beyond-the-Standard-Model physics appearing at
the TeV scale.
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I. INTRODUCTION

Experiments aiming to detect permanent electric dipole
moments (EDMs) set strong bounds on flavor-diagonal
mechanisms that simultaneously violate time-reversal (T)
and parity (P) (and thus CP symmetry if we take CPT to be
a good symmetry of nature). For instance, the strongest
constraints on the QCD θ̄ term arise from measurements of
the EDMs of the neutron and the 199Hg atom [1,2]. In
addition, EDM experiments strongly constrain possible
sources of CP violation from beyond-the-Standard-Model
(BSM) physics. While EDMs have been calculated in a
plethora of different BSM models, BSM CP violation can
be described more systematically in the framework of the
Standard Model (SM) effective field theory (EFT) [3] under
the reasonable assumption that the scale of BSM physics,
Λ, lies well beyond the electroweak scale, v ≃ 250 GeV.
A lot of effort has gone into more and more accurate

calculations of EDMs of systems containing first-generation

valence quarks such as nucleons, nuclei, atoms, and mole-
cules [4–8]. The associated experiments are mainly sensitive
to CP-odd SMEFT operators containing light quarks (and
leptons, but we will not pursue leptonic CP violation in this
work). For instance, the nonobservation of a neutron EDM
sets stringent limits on the electric and chromo-electric dipole
moments of up and down quarks and various four-quark
interactions [9]. The experimental limits are so stringent that
the same experiments also indirectly constrain CP violation
in interactions involving heavier quarks. For instance, a
chromoelectric dipole moment of a bottom or top quark,
induced at the scale Λ in some BSM theory, will in turn
induce chromoelectric dipole moments of light quarks and
gluons due to renormalization-group evolution to lower
energies and threshold effects when the heavier quarks are
integrated out. Systematic studies of the resulting indirect
limits have appeared in several places in the literature; see,
e.g., Refs. [10–13].
Although those indirect limits are already valuable, more

direct information on CP-violating interactions involving
heavy quarks would be welcome. First of all, additional
observables would help in setting global constraints,
leaving less room for possible cancellations among various
sources. Second, as soon as a nonzero EDM is found,
hopefully in the near future, additional information is
needed to pin down the underlying source of CP violation.
Third, while operators with heavy quarks contribute to first-
generation EDMs, the contributions are loop suppressed
and sometimes involve small dimensionless numbers such
as Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
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or light-quark Yukawa couplings. Finally, and arguably
most importantly, plans are being discussed to measure
EDMs of baryons with a heavy valence quarks directly. For
instance, Refs. [14–16] discuss the prospects of measuring
EDMs of charm and bottom baryons. Further discussions
on the mechanism of CP violation resulting from the QCD
θ term in the charm baryon sector can be found in Ref. [17].
In this work, we calculate the EDMs of spin-1=2 bottom
baryons in the framework of the SMEFT. In this way, we
can determine what is the sensitivity of potential future
measurements on the scale of BSM physics and whether
different baryons have a different sensitivity to various
CP-violating SMEFT operators.
This paper is organized as follows. In Sec. II, we discuss

dimension-6 SMEFT CP-violating operators involving
bottom quarks. In Sec. III we discuss how to match these
operators to the hadronic level using chiral perturbation
theory focusing on the operators most relevant for our EDM
calculations. In Sec. IV, we perform the calculation of the
EDMs of bottom-quark baryons at leading order for each
source of CP violation. We discuss the expected sizes of

EDMs in Sec. V and conclude in Sec. VI. Several
appendices are devoted to technical issues.

II. CP-VIOLATING OPERATORS INVOLVING
BOTTOM QUARKS

We start with listing CP-violating operators involving b
quarks at the quark level. We focus on operators with at least
one b̄Γb bilinear, where Γ is a general Lorentz structure,
while the remaining fields are light quarks or gauge or scalar
bosons. Operators with more b-quark fields lead to sup-
pressed EDMs of systems containing a single b valence
quark in the same way as b-quark effects are suppressed in
light states. We do not consider operators with just light
quarks, even though they would contribute to b quark–
containing baryons. The reason is that the limits on these
CP-odd operators from traditional EDM experiments, such
as those for the neutron EDM, are very stringent.
At low energies, right above the b-quark threshold, the

effective P- and T-violating dimension-6 operators of
relevance here read [3,5,18]

Lð6Þ
b;qEDM ¼ dbb̄σμνγ5bFμν;

Lð6Þ
b;qCEDM ¼ d̃bb̄σμνγ5λabGa

μν;

Lð6Þ
b;4q ¼ iμub1 ðūub̄γ5bþ ūγ5ub̄b − b̄γ5uūb − b̄uūγ5bÞ þ iμdb1 ðd̄db̄γ5bþ d̄γ5db̄b

− b̄γ5dd̄b − b̄dd̄γ5bÞ þ iμsb1 ðs̄sb̄γ5bþ s̄γ5sb̄b − b̄γ5ss̄b − b̄ss̄γ5bÞ
þ iμub8 ðūλaub̄γ5λabþ ūγ5λaub̄λab − b̄γ5λauūλab − b̄λauūγ5λabÞ
þ iμdb8 ðd̄λadb̄γ5λabþ d̄γ5λadb̄λab − b̄γ5λadd̄λab − b̄λadd̄γ5λabÞ
þ iμsb8 ðs̄λasb̄γ5λabþ s̄γ5λasb̄λab − b̄γ5λass̄λab − b̄λass̄γ5λabÞ;

Lð6Þ
b;4qLR ¼ iνub1 Vubðb̄LγμuLūRγμbRÞ − iνub1 V�

ubðb̄RγμuRūLγμbLÞ
þ iνub8 Vubðb̄LγμλauLūRγμλabRÞ − iνub8 V�

ubðb̄RγμλauRūLγμλabLÞ; ð1Þ

whereVub is an element of the CKMmatrix andFμν andGa
μν

are the electromagnetic and the gluon field-strength tensors,
respectively.
The bottom-quark EDM (qEDM) and bottom-quark

chromo-EDM (qCEDM) operators arise from the dimen-
sion-6 operators in the SMEFT Lagrangian,

L4q ¼ CbBðQ̄3σ
μνbRb

ÞHBμν þ CbWðQ̄3σ
μντabRb

ÞHWa
μν

þ CbGðQ̄3σ
μνλabRb

ÞHGa
μν þ H:c:; ð2Þ

where Q3 denotes a left doublet of third-generation quarks;
H is the Higgs doublet; and Bμν and Wa

μν denote, respec-
tively, the Uð1ÞY and SUð2ÞL field strengths. To preserve
gauge invariance, the SMEFT dipole operators involve a
Higgs field in the SMEFT Lagrangian. Equation (1) is
subsequent to electroweak symmetry breaking where we
have replaced the Higgs field by its vacuum expectation

value. The bottom qEDM arises from a linear combination
of Uð1ÞY and SUð2ÞL dimension-6 dipole operators (there
is in principle an associated dipole operator coupled to Z
and W� bosons that play no role in our analysis). In most
models of BSM physics, the dipoles scale with the bottom
quark Yukawa, and we expect db; d̃b ∼mb=Λ2. These
dipole operators are generated in various classes of BSM
physics ranging from supersymmetric scenarios [19] to
two-Higgs doublet models [20] to leptoquarks [21].

The four-quark operators in Lð6Þ
b;4q are induced from

gauge-invariant operators of the form

L4q ¼ Cabcd
4q ðQ̄I

auRb
ÞϵIJðQ̄J

cdRd
Þ þ H:c:þ…; ð3Þ

where the ellipsis denotes terms with additional color
structure and abcd are generation indices. These operators
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induce Lð6Þ
b;4q for the generation indices a ¼ b ¼ f1; 2g and

c ¼ d ¼ 3 or a ¼ d ¼ 3 and b ¼ c ¼ f1; 2g [the operator
in Eq. (1) is associated to the former generation configu-
ration; the second configuration leads to very similar low-
energy operators and the analysis presented here will be the
same] and additional operators involving top quarks that
play no role at low energies. We expect μub;db;sb1;8 ∼ 1=Λ2.
For instance, the CP-odd four-quark operators are induced
in models of leptoquarks, in which case Λ is related to the
mass of the exchange leptoquark [21].

The four-quark operators in Lð6Þ
b;4qLR are induced from the

gauge-invariant operator

L4qLR ¼ Cab
4qLRðH̃†DμHÞūaRγμbbR þ H:c:: ð4Þ

After electroweak symmetry breaking, this operator leads to

a right-handed charged current. The interactions in Lð6Þ
b;4qLR

are generated when theW boson is integrated out at tree level
between quarks, giving rise to the additional factor ofVub. By
power counting, νub1;8 ∼ v2=ðm2

WΛ2Þ ∼ 1=Λ2. An example
where this operator is generated is the minimal left-right
symmetric model [9].

III. CHIRAL PERTURBATION THEORY FOR
BOTTOM BARYONS

The way to include heavy bottom quarks into standard
chiral perturbation theory (ChPT) has been known for some
time [22,23]. In the SU(3) flavor representation, the spin-
1=2 antisymmetric triplet and symmetric sextet bottom
baryon states are denoted by the following matrices,
respectively:

B3̄ ¼

0BB@
0 Λ0

b Ξ0
b

−Λ0
b 0 Ξ−

b

−Ξ0
b −Ξ−

b 0

1CCA; B6 ¼

0BBB@
Σþ
b

Σ0
bffiffi
2

p Ξ00
bffiffi
2

p

Σ0
bffiffi
2

p Σ−
b

Ξ0−
bffiffi
2

p

Ξ00
bffiffi
2

p Ξ0−
bffiffi
2

p Ω−
b

1CCCA:

ð5Þ
The Goldstone boson octet is given by

ϕ ¼

0BB@
1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 − 2ffiffi
6

p η

1CCA; ð6Þ

and we define

U ¼ u2 ¼ exp

�
i
ϕ

Fπ

�
; ð7Þ

where Fπ is the pion decay constant. The relevant P- and
T-conserving free and interaction Lagrangians up to the

second chiral order in a covariant formalism are given
by [23–26]

Lð1Þ
free ¼

1

2
hB̄3̄ði=D−m3̄ÞB3̄iþ hB̄6ði=D−m6ÞB6i;

Lint ¼
g1
2
hB̄6=uγ5B6iþ

g2
2
hB̄6=uγ5B3̄þH:c:iþ g3

2
hB̄3̄=uγ5B3̄i;

Lð2Þ
Bγ ¼w1hB̄3̄σ

μνFþ
μνB3̄iþw2hB̄6σ

μνFþ
μνB6i

þw3hB̄6σ
μνFþ

μνB3þH:c:iþw4hB̄3̄σ
μνB3̄ihFþ

μνi
þw5hB̄6σ

μνB6ihFþ
μνi: ð8Þ

Here, Dμ is the covariant derivative defined as

DμB ¼ ∂μBþ ΓμBþ BΓT
μ ;

Γμ ¼
1

2
½u†ð∂μ − irμÞuþ uð∂μ − ilμÞu†�; ð9Þ

and uμ is the standard chiral Vielbein

uμ ¼ i½u†ð∂μ − irμÞu − uð∂μ − ilμÞu†�; ð10Þ

where rμ and lμ denote external right- and left-handed
sources. Also, we have

Fþ
μν ¼ u†QBFμνuþ uQBFμνu†; ð11Þ

with the bottom baryon charge matrix [27]

QB ¼ e
2
diagð1;−1;−1Þ: ð12Þ

The prefactors g1−3 and w1−5 are low-energy constants
(LECs). g2 is calculated using the widths of the heavy
baryons. g1 and g3 are related to g2 with the help of the
quark model and heavy-quark spin flavor symmetry
[23,25,27,28]. Because of the heavy-quark spin symmetry,
the vertex B3̄B3̄ϕ is forbidden, and the term has to vanish,
i.e., g3 ¼ 0. This result can be deduced from angular
momentum and parity conservation arguments (see, e.g.,
Ref. [23]). The conventional magnetic moment couplings,
w1−5, are determined from fits to calculations to baryon
magnetic moments in Refs. [29,30]. However, in the
present calculation, they do not contribute to the EDMs
at the order at which we work. The numerical values of the
contributing couplings are given in Sec. V.

A. Construction of the effective CP-violating
Lagrangian

We now turn to the construction of the effec-
tive Lagrangian on the hadron level arising from the
dimension-6 terms in Eq. (1). The first operator we want
to look at is the qEDM, which does not contain any light
quarks but only the heavy b quark. As it already contains
the electromagnetic field strength tensor Fμν, it directly
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induces EDMs of baryons containing bottom quarks. We
find only two terms in the leading chiral Lagrangian
corresponding to EDMs of the antitriplet and sextet of
bottom-quark baryons.
Next, we discuss the qCEDM. Similarly to the qEDM,

there is no light-quark content in the Lagrangian, and
instead of Fμν, we have the gluon field strength tensor Ga

μν.
The fact that this term contains only heavy quarks and Ga

μν

makes this term (like the qEDM) a chiral singlet; i.e., it is
invariant under chiral SU(3) transformations. In standard
ChPT, there is no fundamental building block that trans-
forms as a chiral singlet. Therefore, we have to introduce a
new fundamental block βþ, which gives the proper trans-
formation behavior, and a partner building block β−, which
transforms accordingly and explicitly violates P and T.
This procedure works analogously to the definition of the
building blocks χþ and χ− in ChPT. However, in contrast to
the building blocks χ�, the chiral singlet βþ cannot
introduce any further structure containing Goldstone boson
fields. In fact, it can be shown that βþ can only enter the
effective Lagrangian as an overall constant. In a similar
fashion, one can also deduce that a P- and T-violating
chiral singlet term β− will always vanish. There is simply
no constant that can violate P and T. Despite βþ being a
constant, we still have to treat it like a building block. To
construct the effective Lagrangian on the hadron level, we
need to combine βþ with other ChPT building blocks that
violate CP This procedure leads to the terms given below.
For more information, see, e.g., Refs. [6,18].
The next contributions we investigate are the four quark

interaction terms (4q operators). These terms need a little
extra treatment, since they not just include the heavy
bottom quark but also the light quarks u, d, and s.
Because of the presence of the light quarks, we have to
study how the 4q terms transform under chiral trans-
formations. To obtain the transformation properties of

Lð6Þ
b;4q under chiral SU(3) transformations, we first express

the nonmixing μ1 terms of the operator as follows:

iμub1 ðūub̄γ5bþ ūγ5ub̄bÞ þ iμdb1 ðd̄db̄γ5bþ d̄γ5db̄bÞ
þ iμsb1 ðs̄sb̄γ5bþ s̄γ5sb̄bÞ: ð13Þ

These terms have the structure

iq̄M1qðb̄γ5bÞ þ iq̄M1γ5qðb̄bÞ; ð14Þ

in terms of the quark column vector q ¼ ðu; d; sÞT and

M1 ¼

0B@ μub1 0 0

0 μdb1 0

0 0 μsb1

1CA: ð15Þ

For the light quarks, Eq. (14) has the structure of a mass
term in ordinary ChPT because the term containing the b

quarks is a SU(3) singlet and does not transform at all. The
M1 matrix will therefore act as a new scalar source, similar
to the quark mass matrix in standard ChPT, while the
explicit insertions of the b-quark field allow for the
appearance of the heavy bottom baryon matrices B3̄ and
B6 in the effective Lagrangian.
The mixing terms in the 4q Lagrangian,

− iμub1 ðb̄γ5uūbþ b̄uūγ5bÞ − iμdb1 ðb̄γ5dd̄bþ b̄dd̄γ5bÞ
− iμsb1 ðb̄γ5ss̄bþ b̄ss̄γ5bÞ; ð16Þ

can be treated in an analogous way. If we use the identities

q̄q ¼ ūuþ d̄dþ s̄s;

qq̄ ¼

0B@ uū ud̄ us̄

dū dd̄ ds̄

sū sd̄ ss̄

1CA;

hqq̄i ¼ uūþ dd̄þ ss̄; ð17Þ

we can express Eq. (16) together with Eqs. (15) and (17) as

−ib̄γ5hðM1qÞq̄ib − ib̄hðM1qÞq̄iγ5b: ð18Þ

Using the cyclic property of the trace, one observes that
these mixing terms transform again like a mass term. Thus,
we can use the same procedure like in the nonmixing case
to obtain the effective Lagrangian.
For the 4q operators, the μ1 and μ8 terms have identical

chiral symmetry properties. While these terms are distin-
guishable on the quark level, at low energies, the resulting
chiral Lagrangians are identical. We are not able to
distinguish them without nonperturbative information
about the associated low-energy constants. The effective
Lagrangian from the 4q operator will therefore combine the
effects of the μ1 and μ8 terms.
The last terms we have to discuss are the four quark

left-right operator (4qLR) terms. Similarly to the 4q
operator, one can reproduce the transformation rules
for the 4qLR operator. First, we take the νub1 terms
and use Fierz identities to rewrite the left- and right-
handed components of the quark fields. Then, we arrange
the resulting terms, like before, in structures involving the
quark vector q and a new scalar source,

N 1 ¼

0B@ νub1 0 0

0 0 0

0 0 0

1CA: ð19Þ

We find the same transformation behavior as for the 4q
case. This leads to an identical EFT Lagrangian con-
struction procedure. Also, here, the 4qLR terms involving
the constant νub8 are not distinguishable from the νub1
terms at the level of chiral EFT. Finally, we mention that
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after rewriting the terms with Fierz identities we obtain
both P- and T-violating and P- and T-conserving
interactions. The latter lead to modifications of P- and
T-even observables that are swamped by Standard Model
contributions, and we neglect them below.
We are now in the position to write down the hadronic

Lagrangians accounting for the various P- and T-violating
dimension-6 operators. For the quark EDM, we obtain the
two operators

Leff
qEDM ¼ c1hB̄3̄σ

μνγ5FμνB3̄i þ c2hB̄6σ
μνγ5FμνB6i þ…:

ð20Þ

A much longer list of operators appears for the qCEDM.
Here, we give all operators that appear at the same chiral
order. As discussed below, not all operators are relevant for
the EDM calculations we perform. We list them here for
completeness. These read

Leff
qCEDM ¼ iβþ½b1hB̄3̄χþγ5B3̄i þ b2hB̄6χþγ5B6i þ b3hB̄6χþγ5B3̄ þ H:c:i þ b4hB̄3̄γ5B3̄ihχþi

þ b5hB̄6γ5B6ihχþi þ b6hB̄3̄χ−B3̄i þ b7hB̄6χ−B6i þ b8hB̄6χ−B3̄ þ H:c:i þ b9hB̄3̄B3̄ihχ−i
þ b10hB̄6B6ihχ−i� þ iβþ½b11hB̄3̄u

μγ5uμB3̄i þ b12hB̄6uμγ5uμB6i þ b13hB̄6uμγ5uμB3̄ þ H:c:i
þ b14hB̄3̄γ5B3̄ihuμuμi þ b15hB̄6γ5B6ihuμuμi� þ βþ½b16hB̄3̄σ

μνγ5Fþ
μνB3̄i þ b17hB̄6σ

μνγ5Fþ
μνB6i

þ b18hB̄6σ
μνγ5Fþ

μνB3̄ þ H:c:i þ b19hB̄3̄σ
μνγ5B3̄ihFþ

μνi þ b20hB̄6σ
μνγ5B6ihFþ

μνi�
þ βþ½b21hB̄3̄σ

μνγ5½uμ; uν�B3̄i þ b22hB̄6σ
μνγ5½uμ; uν�B6i þ b23hB̄6σ

μνγ5½uμ; uν�B3̄ þ H:c:i�
þ βþ½b24hB̄3̄u

μihuνσμνγ5B3̄i þ b25hB̄6uμihuνσμνγ5B6i þ b26hB̄6uμihuνσμνγ5B3̄i þ H:c:�
þ iβþ½b27hB̄3̄u

μuνγμγ5DνB3̄i − b28hB̄3̄D⃖νuμuνγμγ5B3̄i þ b29hB̄6uμuνγμγ5DνB6i
− b30hB̄6D⃖νuμuνγμγ5B6i þ b31hB̄6uμuνγμγ5DνB3̄ þ H:c:i − b32hB̄6D⃖νuμuνγμγ5B3̄ þ H:c:i�
þ iβþ½ðb33hB̄3̄γ

μγ5DνB3̄i − b34hB̄3̄D⃖
νγμγ5B3̄iÞhuμuνi þ ðb35hB̄6γ

μγ5DνB6i
− b36hB̄6D⃖

νγμγ5B6iÞhuμuνi þ ðb37hB̄6γ
μγ5DνB3̄ þ H:c:i − b38hB̄6D⃖

νγμγ5B3̄ þ H:c:iÞhuμuνi� þ…: ð21Þ
For the four-quark operators, we obtain

Leff
4q ¼ iμ1hB̄3̄χ̃þγ5B3̄i þ iμ2hB̄6χ̃þγ5B6i þ iμ3hB̄6χ̃þγ5B3̄ þ H:c:i þ iμ4hB̄3̄γ5B3̄ihχ̃þi

þ iμ5hB̄6γ5B6ihχ̃þi þ iμ6hB̄3̄χ̃−B3̄i þ iμ7hB̄6χ̃−B6i þ iμ8hB̄6χ̃−B3̄ þ H:c:i
þ iμ9hB̄3̄B3̄ihχ̃−i þ iμ10hB̄6B6ihχ̃−i þ μ11hB̄3̄χ̃þσμνγ5Fþ

μνB3̄i þ μ12hB̄6χ̃þσμνγ5Fþ
μνB6i

þ μ13hB̄6χ̃þσμνγ5Fþ
μνB3̄ þ H:c:i þ μ14hB̄3̄χ̃þσμνγ5B3̄ihFþ

μνi þ μ15hB̄6χ̃þσμνγ5B6ihFþ
μνi

þ μ16hB̄6χ̃þσμνγ5B3̄ þ H:c:ihFþ
μνi þ μ17hB̄3̄σ

μνγ5Fþ
μνB3̄ihχ̃þi þ μ18hB̄6σ

μνγ5Fþ
μνB6ihχ̃þi

þ μ19hB̄6σ
μνγ5Fþ

μνB3̄ þ H:c:ihχ̃þi þ μ20hB̄3̄σ
μνγ5B3̄ihχ̃þFþ

μνi þ μ21hB̄6σ
μνγ5B6ihχ̃þFþ

μνi
þ μ22hB̄3̄χ̃−σ

μνFþ
μνB3̄i þ μ23hB̄6χ̃−σ

μνFþ
μνB6i þ μ24hB̄6χ̃−σ

μνFþ
μνB3̄ þ H:c:i

þ μ25hB̄3̄χ̃−σ
μνB3̄ihFþ

μνi þ μ26hB̄6χ̃−σ
μνB6ihFþ

μνi þ μ27hB̄6χ̃−σ
μνB3̄ þ H:c:ihFþ

μνi
þ μ28hB̄3̄σ

μνFþ
μνB3̄ihχ̃−i þ μ29hB̄6σ

μνFþ
μνB6ihχ̃−i þ μ30hB̄6σ

μνFþ
μνB3̄ þ H:c:ihχ̃−i

þ μ31hB̄3̄σ
μνB3̄ihχ̃−Fþ

μνi þ μ32hB̄6σ
μνB6ihχ̃−Fþ

μνi þ… ð22Þ
and

Leff
4qLR ¼ iReðVubÞ½ν1hB̄3̄

ˆ̃χ−B3̄i þ ν2hB̄6
ˆ̃χ−B6i þ ν3hB̄6

ˆ̃χ−B3̄ þ H:c:i þ ν4hB̄3̄B3̄ih ˆ̃χ−i
þ ν5hB̄6B6ih ˆ̃χ−i þ ν6hB̄3̄

ˆ̃χþγ5B3̄i þ ν7hB̄6
ˆ̃χþγ5B6i þ ν8hB̄6

ˆ̃χþγ5B3̄ þ H:c:i
þ ν9hB̄3̄γ5B3̄ih ˆ̃χþi þ ν10hB̄6γ5B6ih ˆ̃χþi� þ ReðVubÞ½ν11hB̄3̄

ˆ̃χþσμνγ5Fþ
μνB3̄i

þ ν12hB̄6
ˆ̃χþσμνγ5Fþ

μνB6i þ ν13hB̄6
ˆ̃χþσμνγ5Fþ

μνB3̄ þ H:c:i þ ν14hB̄3̄
ˆ̃χþσμνγ5B3̄ihFþ

μνi
þ ν15hB̄6

ˆ̃χþσμνγ5B6ihFþ
μνi þ ν16hB̄6

ˆ̃χþσμνγ5B3̄ þ H:c:ihFþ
μνi þ ν17hB̄3̄σ

μνγ5Fþ
μνB3̄ih ˆ̃χþi
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þ ν18hB̄6σ
μνγ5Fþ

μνB6ih ˆ̃χþi þ ν19hB̄6σ
μνγ5Fþ

μνB3̄ þ H:c:ih ˆ̃χþi þ ν20hB̄3̄σ
μνγ5B3̄ih ˆ̃χþFþ

μνi
þ ν21hB̄6σ

μνγ5B6ih ˆ̃χþFþ
μνi þ ν22hB̄3̄

ˆ̃χ−σ
μνFþ

μνB3̄i þ ν23hB̄6
ˆ̃χ−σ

μνFþ
μνB6i

þ ν24hB̄6
ˆ̃χ−σ

μνFþ
μνB3̄ þ H:c:i þ ν25hB̄3̄

ˆ̃χ−σ
μνB3̄ihFþ

μνi þ ν26hB̄6
ˆ̃χ−σ

μνB6ihFþ
μνi

þ ν27hB̄6
ˆ̃χ−σ

μνB3̄ þ H:c:ihFþ
μνi þ ν28hB̄3̄σ

μνFþ
μνB3̄ih ˆ̃χ−i þ ν29hB̄6σ

μνFþ
μνB6ih ˆ̃χ−i

þ ν30hB̄6σ
μνFþ

μνB3̄ þ H:c:ih ˆ̃χ−i þ ν31hB̄3̄σ
μνB3̄ih ˆ̃χ−Fþ

μνi þ ν32hB̄6σ
μνB6ih ˆ̃χ−Fþ

μνi� þ…: ð23Þ

The ellipses indicate further terms of higher chiral order,
which we will not display. We have defined

χ� ¼ u†χu† � uχ†u; χ ¼ 2B0diagðmu;md;msÞ;
χ̃� ¼ u†χ̃u† � uχ̃†u; χ̃ ≡ diagðμub; μdb; μsbÞ;
ˆ̃χ� ¼ u† ˆ̃χu† � u ˆ̃χ†u; ˆ̃χ ≡ diagðνub; 0; 0Þ; ð24Þ

with the light-quark masses mq and the LEC B0 related to
the quark condensate. Note that the constants μub, μdb, μsb,
and νub capture both the color-singlet and -octet terms
whose chiral Lagrangians are identical.
It is convenient to use heavy-baryon chiral perturbation

theory (HBChPT) while working with objects that contain a
single heavy quark [31,32]. In the heavy-baryon formu-
lation, several terms in the relativistic form cancel or appear
at higher orders, and loop calculations are simplified.

Furthermore, the chiral power counting is manifest. The
heavy-baryon Lagrangians are given by

Lð1Þ
free ¼

1

2
hB̄3̄;vðiv ·DÞB3̄;viþ hB̄6;vðiv ·D−ΔÞB6;vi;

Lint ¼ g1hB̄6;vuμSμB6;viþ g2hB̄6;vuμSμB3̄;vþH:c:i;
Lð2Þ
Bγ ¼ 2εμνρσ½w1hB̄3̄;vvρSσF

þ
μνB3̄;viþw2hB̄6;vvρSσFþ

μνB6;vi
þw3hB̄6;vvρSσFþ

μνB3̄;vþH:c:i
þw4hB̄3̄;vvρSσB3̄;vihFþ

μνiþw5hB̄6;vvρSσB6;vihFþ
μνi�;
ð25Þ

with the 4-velocity vμ, the Pauli-Lubanski spin operator
Sμ ¼ −γ5ðγμ=v − vμÞ=2, and the mass difference between
sextet and antitriplet baryons Δ ¼ m6 −m3̄. The effective
Lagrangians for the P- and T-odd interactions in the heavy-
baryon formulation are

Leff
qEDM ¼ 4i½c1hB̄3̄;vv

μSνFμνB3̄;vi þ c2hB̄6;vvμSνFμνB6;vi�;
Leff
qCEDM ¼ 4iβþ½b16hB̄3̄;vv

μSνFþ
μνB3̄;vi þ b17hB̄6;vvμSνFþ

μνB6;vi þ b18hB̄6;vvμSνFþ
μνB3̄;v þ H:c:i

þ b19hB̄3̄;vv
μSνB3̄;vihFþ

μνi þ b20hB̄6;vvμSνB6;vihFþ
μνi� þ…;

Leff
4q ¼ iμ6hB̄3̄;vχ̃−B3̄;vi þ iμ7hB̄6;vχ̃−B6;vi þ iμ8hB̄6;vχ̃−B3̄;v þ H:c:i þ iμ9hB̄3̄;vB3̄;vihχ̃−i

þ iμ10hB̄6;vB6;vihχ̃−i þ 4i½μ11hB̄3̄;vχ̃þvμSνFþ
μνB3̄;vi þ μ12hB̄6;vχ̃þvμSνFþ

μνB6;vi
þ μ13hB̄6;vχ̃þvμSνFþ

μνB3̄;v þ H:c:i þ μ14hB̄3̄;vχ̃þvμSνB3̄;vihFþ
μνi þ μ15hB̄6;vχ̃þvμSνB6;vihFþ

μνi
þ μ16hB̄6;vχ̃þvμSνB3̄;v þ H:c:ihFþ

μνi þ μ17hB̄3̄;vv
μSνFþ

μνB3̄;vihχ̃þi þ μ18hB̄6;vvμSνFþ
μνB6;vihχ̃þi

þ μ19hB̄6;vvμSνFþ
μνB3̄;v þ H:c:ihχ̃þi þ μ20hB̄3̄;vv

μSνB3̄;vihχ̃þFþ
μνi þ μ21hB̄6;vvμSνB6;vihχ̃þFþ

μνi� þ…; ð26Þ

Leff
4qLR ¼ iReðVubÞ½ν1hB̄3̄;v

ˆ̃χ−B3̄;vi þ ν2hB̄6;v
ˆ̃χ−B6;vi þ ν3hB̄6;v

ˆ̃χ−B3̄;v þ H:c:i þ ν4hB̄3̄;vB3̄;vih ˆ̃χ−i
þ ν5hB̄6;vB6;vih ˆ̃χ−i� þ 4iReðVubÞ½ν11hB̄3̄;v

ˆ̃χþvμSνFþ
μνB3̄;vi þ ν12hB̄6;v

ˆ̃χþvμSνFþ
μνB6;vi

þ ν13hB̄6;v
ˆ̃χþvμSνFþ

μνB3̄;v þ H:c:i þ ν14hB̄3̄;v
ˆ̃χþvμSνB3̄;vihFþ

μνi þ ν15hB̄6;v
ˆ̃χþvμSνB6;vihFþ

μνi
þ ν16hB̄6;v

ˆ̃χþvμSνB3̄;v þ H:c:ihFþ
μνi þ ν17hB̄3̄;vv

μSνFþ
μνB3̄;vih ˆ̃χþi þ ν18hB̄6;vvμSνFþ

μνB6;vih ˆ̃χþi
þ ν19hB̄6;vvμSνFþ

μνB3̄;v þ H:c:ih ˆ̃χþi þ ν20hB̄3̄;vv
μSνB3̄;vih ˆ̃χþFþ

μνi þ ν21hB̄6;vvμSνB6;vih ˆ̃χþFþ
μνi�:þ…: ð27Þ

We only display the terms which are relevant for the EDM
calculation. Additionally, to the order at which we are
working, only terms linear in the Goldstone bosons
are needed. Terms that begin with more than a single
Goldstone boson are hidden in the ellipses. Since the

chiral singlet βþ in the qCEDM Lagrangian can only enter
as an overall constant, it is convenient to absorb βþ into the
LECs bi.
Concerning the power counting rules of the CP-odd

vertices, the chiral order of the sources is counted asOðδ0Þ,
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where δ is a generic small mass or momentum, since they
do not contain any light scales and in addition will be
common to all contributions considered in this work. For
the remaining pieces, we employ standard chiral counting.
Figure 1 depicts the tree-level and one-loop Feynman

diagrams that generate a nonvanishing contribution to theP-
and T-violating form factor of theBb baryons up to the order
Oðδ2Þ. We evaluate the loop diagrams in the framework of
dimensional regularization at the renormalization scale
λ ¼ 1 GeV. We apply the modified minimal subtraction
scheme (fMS) in HBChPT [33–36] by absorbing the infinite
parts in terms of

L ¼ λn−4

16π2

�
1

n − 4
þ 1

2
ðγE − 1 − lnð4πÞÞ

�
ð28Þ

into the counterterms, with n the number of space-time
dimensions and γE the Euler-Mascheroni constant. The tree-
level CP-odd diagrams at orderOðδ2Þ displayed in diagram
(a) receive contributions fromall theCP-violating operators.
The one-loop diagrams at leading Oðδ2Þ are given by
diagrams (b)–(g) in Fig. 1.

IV. P- AND T-VIOLATING FORM FACTOR

The EDM of the neutral and charged b baryons can be
extracted from the P- and T-violating form factor Dγ

Bb
ðq2Þ.

It is defined through

hBbðpfÞjJEDM;νjBbðpiÞi ¼ Dγ
Bb
ðq2ÞūðpfÞσμνγ5qμuðpiÞ;

ð29Þ

in the covariant formulation with momentum transfer
q ¼ pf − pi; see, e.g., Ref. [26]. The EDM is then given by

dγBb
¼ Dγ

Bb
ðq2 ¼ 0Þ: ð30Þ

One can reformulate the form factor in the heavy-baryon
approach using the Breit frame. In this frame, we have
v · pi ¼ v · pf, and we set the 4-velocity to vμ ¼ ð1; 0Þ. The
form factor is then obtained as

hBbðpfÞjJEDM;νjBbðpiÞi ¼ −2iDγ
Bb
ðq2ÞB̄vvνðS · qÞBv:

ð31Þ
We first consider the contributions from the tree-level
diagrams in Fig. 1(a). The expressions of the electric dipole
moment of the antitriplet and sextet b baryons from the

(a)

(e) (f) (g)

(b) (c) (d)

FIG. 1. Diagrams contributing to the EDMs of the spin-1=2 neutral antitriplet and sextet b baryons. Diagram (a) shows contact
interactions and diagrams (b)–(g) one-loop corrections. Solid lines correspond to contribution from either spin-1=2 antitriplet or sextet
multiplets of bottom baryons. Filled circles and squares are first-order meson-baryon and second-order mesonic vertices, respectively.
While diamonds represent vertices generated by the first-order meson-baryon Lagrangian, CP-violating vertices atOðδ0Þ andOðδ2Þ are
represented by crossed circle and crossed box, in order.

TABLE I. Tree-level contributions from the qEDM and
qCEDM operators of the b baryons. Loop diagrams only appear
at higher order.

Baryons qEDM qCEDM

Λ0
b 4c1 −4eb19

Ξ0
b 4c1 −4eb19

Ξ−
b 4c1 −4eðb16 þ b19Þ

Σþ
b 2c2 2eðb17 − b20Þ

Σ0
b 2c2 −2eb20

Σ−
b 2c2 −2eðb17 þ b20Þ

Ξ00
b 2c2 −2eb20

Ξ0−
b 2c2 −2eðb17 þ b20Þ

Ω−
b 2c2 −2eðb17 þ b20Þ
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dimension-6 operators are collected in Tables I–III. In
addition to the tree-level contributions, we find the one-loop
diagrams inFig. 1. In analogy to the neutronEDM, theEDMs
of bottom baryons get contributions from the cloud of
Goldstone bosons dressing the baryons. For the qEDM
and qCEDM operators, the meson loops appear at higher
order, and only the tree-level diagrams are necessary. But for
the 4q and 4qLR operators, the loops appear at the same
order, and the LECs of the tree-level contributions absorb the
associated loop divergences.
We calculated the diagrams in Fig. 1 explicitly in heavy-

baryon ChPT. We find that only diagrams (b) and (c)
contribute at the order at which we work. The other

diagrams are proportional to S · v ¼ 0, or v · q ¼ 0, or
mutually cancel. The contributions from the nonvanishing
diagrams can be written as

Dγ
bðq2Þ ¼

Abi

2

Z
1

0

dx
x

M̃i

∂
∂M̃i

J1ðw̃; M̃iÞ;

Dγ
cðq2Þ ¼ Aci

2

Z
1

0

dx
x − 1

M̃i

∂
∂M̃i

J1ðw̃; M̃iÞ; i ¼ 1; 2; 3; 4;

ð32Þ

whereJ1 is the loop functiondefined inAppendixC, w̃ ¼ −Δ
for a sextet particle inside the loop, or w̃ ¼ 0 for an antitriplet
particle. Furthermore, M̃iðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xðx − 1Þq2 þM2

i

p
, with

Mi being MK� or Mπ�. The coefficients Abi and Aci have
to bedetermined from thevertices of the appearing interacting
Lagrangians. A lot of these coefficients are similar to each
other with some only differing by their sign. Considering
isospin symmetry, this leads to additional cancellations when
summing up the loop contributions.We refrain from showing
the full list of coefficientsAbi andAci with their respectiveMi

here. The surviving terms together with their coefficients
can be read off from the full form factor results listed in
Appendix A.
The expressions for the complete form factors are given

in Appendix A. Here, we present the results for the EDMs.
For the 4q operator, we obtain

dγΛ0
b;4q

¼ 4e½μ11ðμub − μdbÞ − μ14ðμub þ μdbÞ þ 2μ20ðμub − μdb − μsbÞ� þ eg2μ8ðμub þ μsbÞ
32π2F2

π
Fð2Þ
MK

;

dγΞ0
b;4q

¼ 4e½μ11ðμub − μsbÞ − μ14ðμub þ μsbÞ þ 2μ20ðμub − μdb − μsbÞ� þ eg2μ8ðμub þ μdbÞ
32π2F2

π
Fð2Þ
Mπ
;

dγΞ−
b ;4q

¼ −4e½ðμ11 þ μ14Þðμdb þ μsbÞ þ 2μ17ðμub þ μdb þ μsbÞ − 2μ20ðμub − μdb − μsbÞ�
−

eg2μ8
32π2F2

π
ððμub þ μsbÞFð2Þ

MK
þ ðμub þ μdbÞFð2Þ

Mπ
Þ; ð33Þ

TABLE II. Tree-level contribution from the 4q operators of the b baryons. Loop diagrams appear at the same
order.

Baryons 4q

Λ0
b 4e½μ11ðμub − μdbÞ − μ14ðμub þ μdbÞ þ 2μ20ðμub − μdb − μsbÞ�

Ξ0
b 4e½μ11ðμub − μsbÞ − μ14ðμub þ μsbÞ þ 2μ20ðμub − μdb − μsbÞ�

Ξ−
b −4e½ðμ11 þ μ14Þðμdb þ μsbÞ þ 2μ17ðμub þ μdb þ μsbÞ − 2μ20ðμub − μdb − μsbÞ�

Σþ
b 4e½ðμ12 − μ15Þμub þ μ18ðμub þ μdb þ μsbÞ þ μ21ðμub − μdb − μsbÞ�

Σ0
b 2e½μ12ðμub − μdbÞ − μ15ðμub þ μdbÞ þ 2μ21ðμub − μdb − μsbÞ�

Σ−
b −4e½ðμ12 þ μ15Þμdb þ μ18ðμub þ μdb þ μsbÞ − μ21ðμub − μdb − μsbÞ�

Ξ00
b 2e½μ12ðμub − μsbÞ − μ15ðμub þ μsbÞ þ 2μ21ðμub − μdb − μsbÞ�

Ξ0−
b −2e½ðμ12 þ μ15Þðμdb þ μsbÞ þ 2μ18ðμub þ μdb þ μsbÞ − 2μ21ðμub − μdb − μsbÞ�

Ω−
b −4e½ðμ12 þ μ15Þμsb þ μ18ðμub þ μdb þ μsbÞ − μ21ðμub − μdb − μsbÞ�

TABLE III. Tree-level contribution from 4qLR operators of the
b baryons. Loop diagrams appear at the same order.

Baryons 4qLR

Λ0
b 4eReðVubÞðν11 − ν14 þ 2ν20Þνub

Ξ0
b 4eReðVubÞðν11 − ν14 þ 2ν20Þνub

Ξ−
b −8eReðVubÞðν17 − ν20Þνub

Σþ
b 4eReðVubÞðν12 − ν15 þ ν18 þ ν21Þνub

Σ0
b 2eReðVubÞðν12 − ν15 þ 2ν21Þνub

Σ−
b −4eReðVubÞðν18 − ν21Þνub

Ξ00
b 2eReðVubÞðν12 − ν15 þ 2ν21Þνub

Ξ0−
b −4eReðVubÞðν18 − ν21Þνub

Ω−
b −4eReðVubÞðν18 − ν21Þνub
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dγΣþ
b ;4q

¼ 4e½ðμ12 − μ15Þμub þ μ18ðμub þ μdb þ μsbÞ þ μ21ðμub − μdb − μsbÞ�

þ eg1μ7
32π2F2

π
ððμub þ μsbÞFð2Þ

MK
þ ðμub þ μdbÞFð2Þ

Mπ
Þ

þ eg2μ8
16π2F2

π
ððμub þ μsbÞFð1Þ

MK
þ ðμub þ μdbÞFð1Þ

Mπ
Þ;

dγΣ0
b;4q

¼ 2e½μ12ðμub − μdbÞ − μ15ðμub þ μdbÞ þ 2μ21ðμub − μdb − μsbÞ�

þ eg1μ7ðμub þ μsbÞ
64π2F2

π
Fð2Þ
MK

þ eg2μ8ðμub þ μsbÞ
32π2F2

π
Fð1Þ
MK

;

dγΣ−
b ;4q

¼ −4e½ðμ12 þ μ15Þμdb þ μ18ðμub þ μdb þ μsbÞ − μ21ðμub − μdb − μsbÞ�

−
eg1μ7ðμub þ μdbÞ

32π2F2
π

Fð2Þ
Mπ

−
eg2μ8ðμub þ μdbÞ

16π2F2
π

Fð1Þ
Mπ
;

dγΞ00
b ;4q

¼ 2e½μ12ðμub − μsbÞ − μ15ðμub þ μsbÞ þ 2μ21ðμub − μdb − μsbÞ�

þ eg1μ7ðμub þ μdbÞ
64π2F2

π
Fð2Þ
Mπ

þ eg2μ8ðμub þ μdbÞ
32π2F2

π
Fð1Þ
Mπ
;

dγΞ0−
b ;4q ¼ −2e½ðμ12 þ μ15Þðμdb þ μsbÞ þ 2μ18ðμub þ μdb þ μsbÞ − 2μ21ðμub − μdb − μsbÞ�

−
eg1μ7
64π2F2

π
ððμub þ μsbÞFð2Þ

MK
þ ðμub þ μdbÞFð2Þ

Mπ
Þ

−
eg2μ8
32π2F2

π
ððμub þ μsbÞFð1Þ

MK
þ ðμub þ μdbÞFð1Þ

Mπ
Þ;

dγΩ−
b ;4q

¼ −4e½ðμ12 þ μ15Þμsb þ μ18ðμub þ μdb þ μsbÞ − μ21ðμub − μdb − μsbÞ�

−
eg1μ7ðμub þ μsbÞ

32π2F2
π

Fð2Þ
MK

−
eg2μ8ðμub þ μsbÞ

16π2F2
π

Fð1Þ
MK

: ð34Þ

For the 4qLR operator, we obtain

dγΛ0
b;4qLR

¼ 4eReðVubÞðν11 − ν14 þ 2ν20Þνub þ
eReðVubÞg2ν3νub

32π2F2
π

Fð2Þ
MK

;

dγΞ0
b;4qLR

¼ 4eReðVubÞðν11 − ν14 þ 2ν20Þνub þ
eReðVubÞg2ν3νub

32π2F2
π

Fð2Þ
Mπ
;

dγΞ−
b ;4qLR

¼ −8eReðVubÞðν17 − ν20Þνub −
eReðVubÞg2ν3νub

32π2F2
π

ðFð2Þ
MK

þ Fð2Þ
Mπ
Þ;

dγΣþ
b ;4qLR

¼ 4eReðVubÞðν12 − ν15 þ ν18 þ ν21Þνub þ
eReðVubÞg1ν2νub

32π2F2
π

ðFð2Þ
MK

þ Fð2Þ
Mπ
Þ þ eReðVubÞg2ν3νub

16π2F2
π

ðFð1Þ
MK

þ Fð1Þ
Mπ
Þ;

ð35Þ

dγΣ0
b;4qLR

¼ 2eReðVubÞðν12 − ν15 þ 2ν21Þνub þ
eReðVubÞg1ν2νub

64π2F2
π

Fð2Þ
MK

þ eReðVubÞg2ν3νub
32π2F2

π
Fð1Þ
MK

;

dγΣ−
b ;4qLR

¼ −4eReðVubÞðν18 − ν21Þνub −
eReðVubÞg1ν2νub

32π2F2
π

Fð2Þ
Mπ

−
eReðVubÞg2ν3νub

16π2F2
π

Fð1Þ
Mπ
;

dγΞ00
b ;4qLR

¼ 2eReðVubÞðν12 − ν15 þ 2ν21Þνub þ
eReðVubÞg1ν2νub

64π2F2
π

Fð2Þ
Mπ

þ eReðVubÞg2ν3νub
32π2F2

π
Fð1Þ
Mπ
;

dγΞ0−
b ;4qLR ¼ −4eReðVubÞðν18 − ν21Þνub −

eReðVubÞg1ν2νub
64π2F2

π
ðFð2Þ

MK
þ Fð2Þ

Mπ
Þ − eReðVubÞg2ν3νub

32π2F2
π

ðFð1Þ
MK

þ Fð1Þ
Mπ
Þ;

dγΩ−
b ;4qLR

¼ −4eReðVubÞðν18 − ν21Þνub −
eReðVubÞg1ν2νub

32π2F2
π

Fð2Þ
MK

−
eReðVubÞg2ν3νub

16π2F2
π

Fð1Þ
MK

; ð36Þ
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where the loop functions are defined as

Fð1Þ
Mπ

¼ 1þ 32π2Lþ 2 ln

�
Mπ

λ

�
;

Fð2Þ
Mπ

¼ 1þ 32π2Lþ 2 ln

�
Mπ

λ

�

þ 2Δffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 −M2

π

p ln

"
Δ
Mπ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

M2
π
− 1

s #
;

Fð1Þ
MK

¼ 1þ 32π2Lþ 2 ln

�
MK

λ

�
;

Fð2Þ
MK

¼ 1þ 32π2Lþ 2 ln

�
MK

λ

�
þ
2Δ arccos½ ΔMK

�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

K − Δ2
p : ð37Þ

A. Patterns of EDMs

Before discussing the absolute sizes of the EDMs in the
next section, we investigate the relative sizes of the various
EDMs. The relative sizes are essentially determined by the
chiral symmetry properties and field content of the under-
lying sources of CP violation. For instance, for the bottom

qEDM at the order at which we work, the EDMs of all
baryons in the triplet or the sextet are determined by a
single LEC, c1 and c2, in order. This pattern is different for
the qCEDM where in the triplet dΞ−

b
is expected to be

different from dγΛ0
b
¼ dγΞ0

b
. Similarly, in the sextet, we obtain

the relations for the qCEDM dγΣ−
b
þ dγΣþ

b
¼ 2dγΣ0

b
, which are

also true for the qEDM, but dγΣ−
b
≠ dγΣþ

b
. These differences

arise because in order for the qCEDM to generate an EDM
of a baryon an insertion of the quark charge is required. As
such, EDMs of baryons with a single b quark but different
charges differ for the qCEDM. This is not true for the
bottom qEDM as the operator already contains a photon.
A richer pattern emerges for the four-quark operators as

here loop diagrams provide leading contributions. For
instance, for the 4qLR, we observe that the tree-level
contributions to the triplet and sextet EDMs have pattern
identical to that of the qCEDM. However, the loop
contributions induce differences. In the triplet, loop con-
tributions lead to a splitting in the EDMs of the neutral
baryons and dγΛ0

b
≠ dγΞ0

b
, because of the different Goldstone

bosons participating in the loops. We find

dγΛ0
b;4qLR

− dγΞ0
b;4qLR

¼ eReðVubÞg2ν3νub
16π2F2

π

 
2 ln

MK

Mπ
þ
2Δ arccos½ ΔMK

�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

K − Δ2
p −

2Δffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 −M2

π

p ln

"
Δ
Mπ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

M2
π
− 1

s #!
; ð38Þ

which is nonzero and finite, whereas for the qCEDM, this
combination vanishes. In the same way, the degeneracy that
is present for the qCEDM for the negatively charged sextet
baryons is broken by the 4qLR operator. To illustrate
this, while for both the qCEDM and the 4qLR we have
dγΞ0−

b
− ðdγΣ−

b
þ dγΩ−

b
Þ=2 ¼ 0, only for the 4qLR, dγΣ−

b
−

dγΩ−
b
≠ 0 (and finite).

Finally, for the 4q operators, an even different pattern of
EDMs arises depending on the flavor configuration of the
underlying operator. From Eqs. (15) and (19), it is clear that
the chiral symmetry properties of μub are identical to the
4qLR operator ∼νub. As such, for μub, the same pattern of
EDMs emerges as for the 4qLR, and these sources cannot
be separated from symmetry arguments alone. Different
patterns do emerge for μdb and μsb. For example, the
splitting in the triplet is different for μdb with respect to the
4qLR, but this can probably only be used with additional
information on the LECs.
The above considerations indicate that the pattern of

EDMs of bottom baryons provide information about the
source of CP violation. If experiments, for instance, those
proposed in Refs. [14–16], were to see nonzero signals, this
information could be used to pinpoint the underlying
mechanism. Much more could be said with nonperturbative
information about the LECs appearing in the Lagrangians.

V. HOW LARGE ARE THE EDMs?

To determine the sizes of the EDMs of bottom baryons as
function of the various dimension-6 Wilson coefficients
appearing in Eq. (1), estimates of the various LECs
appearing in EDM expressions are necessary. This requires
nonperturbative QCD calculations of the associated matrix
elements. While a lot of progress has been made in this
direction for EDMs of systems containing first-generation
quarks, see, e.g., Ref. [37] for a recent review, as far as we
know, no calculations have been performed for baryons
containing heavier valence quarks. In this work, we
estimate the contributions using naive dimensional analysis
(NDA), a technique discussed in detail in Refs. [38,39] and
used for nucleon EDMs in Ref. [4]. While NDA does not
give accurate predictions, it provides a reasonable order-of-
magnitude estimate for meson and single-baryon matrix
elements and is the guiding principle for a systematic power
counting in effective field theories.
The EDMs of the bottom baryons under consideration

depend, for each source of CP violation, on several LECs.
The easiest estimates are for the bottom EDM. NDA
predicts

c1;2 ¼ OðdbÞ ¼ O
�
mb

Λ2

�
; ð39Þ
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which is a rather intuitive result. The bottom-quark EDM
operator directly induces a bottom-baryon EDM up to
order-1 factors. The factors could be calculated with
nonperturbative methods such as lattice QCD or estimated
using a quark model. For light quarks, for instance, lattice
QCD predicts the neutron EDM to be dn ¼ 0.82dd −
0.21du [40] in agreement with NDA estimates.
Next, we consider the qCEDM. In this case, we need to

estimate the LECs b16 − b20. NDA predicts

b16−20 ¼ O
�
d̃b

Fπ

Λχ

�
¼ O

�
Fπmb

ΛχΛ2

�
; ð40Þ

where we used 4πFπ ∼ Λχ . The loop diagrams only
contribute at next-to-next-to-leading order. It would be
interesting to compare these predictions with other esti-
mates, for instance, through QCD sum rules.
For the four-quark operators, we need to estimate both

the tree-level LECs and the CP-odd Goldstone boson-
baryon interactions. For the 4q terms, we obtain

μ6−10μ
qb ¼ OðμqbΛχF2

πÞ ¼ O
�
ΛχF2

π

Λ2

�
;

μ11−21μ
qb ¼ O

�
eμqb

F2
π

Λχ

�
¼ O

�
e

F2
π

ΛχΛ2

�
; ð41Þ

where q ¼ fu; d; sg. While the Goldstone boson-baryon
terms scale as∼Λ1

χ , and are thus of lower order than theEDM
vertices ∼Λ−1

χ , they only contribute to the EDMs at the one-
loop level bringing in a loop factore=ð4πFπÞ2 ∼ eΛ−2

χ so that
both types of vertices contribute at the same order.
Similarly for the 4qLR operator, we obtain

ν1−5ν
ub ¼ OðνubΛχF2

πÞ ¼ O
�
ΛχF2

π

Λ2

�
;

ν11−21ν
ub ¼ O

�
eνub

F2
π

Λχ

�
¼ O

�
e

F2
π

ΛχΛ2

�
: ð42Þ

While the NDA estimates are rough, they give a
reasonable idea of the scale of BSM physics that can be
probed by measuring EDMs of bottom baryons with a
given sensitivity. For instance, for a BSM physics scale,1

Λ ¼ 1 TeV, and considering only the tree-level expres-
sions, we estimate

dγBb
¼ f10−19; 10−20; 10−21; 10−24g e cm; ð43Þ

for the qEDM, qCEDM, 4q, and 4qLR operators, respec-
tively. The smallness of the last term is explained by the
factor of ReðVubÞ. These estimates involve a sizeable
uncertainty. Nevertheless, they can be used to determine
the reach of a potential program to measure the EDMs of
bottom-quark baryons. To get an idea of the uncertainty, we
used a Monte Carlo (MC) sampling of the LECs that appear
in the EDM expressions. For instance, for the qEDM
operator, we rescaled the LECs

c1;2 →

�
mb

Λ2

�
c̃1;2 ð44Þ

and varied the dimensionless constants c̃1;2 between
½−3;þ3�. After the MC sampling, we obtained a list of
different values for the qEDM contribution from which we
computed the mean value and the standard deviation. We
used this procedure for all LECs appearing in the EDM
expression and obtained the mean values and standard
deviations for the various EDMs for each CP-odd source in
Tables IVand V. The MC method is just a tool to determine
roughly in what range we can expect an EDM for the
various sources at a given scale Λ.
In Table IV, we collect the different contributions to the

EDMs of the antitriplet states. For each source, we get,
unsurprisingly, results that vary around zero with a spread
given by the NDA estimates. There is roughly an order-of-
magnitude uncertainty. As expected, the qEDM dominates,
whereas the 4qLR term gives the smallest contribution. The
standard deviations for all contributions are relatively large,
which is explained by the wide range of the dimensionless
constants which was used in the MC sampling. The same
observations can also be drawn from Table V. In the case in
which all four dimension-6 operators contribute at the same
BSM scale Λ, we can take a look at the resulting size of the
EDM by adding up the single contributions. Taking the Ω−

b
baryon as an example, the total EDM would be

TABLE IV. Numerical contributions to the EDMs of the
antitriplet baryons for Λ ¼ 1 TeV. The results are given in
10−19 , 10−20 , 10−21 , and 10−24 e cm for the qEDM, qCEDM,
4q, and 4qLR operators, respectively.

Contribution Λ0
b Ξ0

b Ξ−
b

qEDM −0.24� 5.7 −0.24� 5.7 −0.24� 5.7
qCEDM þ0.18� 4.6 þ0.18� 4.6 þ0.40� 6.5
4q −0.070� 2.4 −0.020� 2.5 þ0.040� 3.2
4qLR þ0.15� 9.4 þ0.58� 9.6 −0.11� 10.8

1This scale is comparable to indirect limits obtained from
traditional EDM experiments. For example, a b-quark EDM
mixes with a b-quark CEDM under the one-loop QED renorm-
alization group. At the b-quark threshold, the latter induces a
Weinberg three-gluon operator [10], which, in turn, induces a
neutron EDM. Based on this procedure, Ref. [12] quotes an
indirect limit db < 1.2 × 10−2 e cm. Using our parametrization
db ¼ mb=Λ2, we get Λ > 2 TeV. However, this indirect limit
suffers from a large theoretical uncertainty due to the poorly
known neutron EDM matrix element of the Weinberg operator
[11,13]. Furthermore, the neutron EDM can get contributions
from other sources. We therefore consider Λ ¼ 1 TeV as a
reasonable and pragmatic choice.

ELECTRIC DIPOLE MOMENTS OF BARYONS WITH BOTTOM … PHYS. REV. D 105, 055026 (2022)

055026-11



dγΩ−
b
¼ ð−0.15� 3.2Þ × 10−19ðTeV=ΛÞ2 e cm: ð45Þ

This value is, of course, not to be understood as a clear
prediction but as an estimate for the range where the EDM
of the Ω−

b baryon can be found. The experiment would
involve the positively charged antibaryons (e.g.,Ωþ

b ) whose
EDMs are the same as the corresponding baryons by CPT.
The errors here reflect the uncertainty on the hadronic
theory, and while the error band includes zero, nothing
would indicate a vanishing matrix element. For the qEDM
and qCEDM operators, indirect limits have been set from
the EDM of the neutron and diamagnetic atoms [10–13].
We do not compare these limits here in detail as the indirect
limits are plagued by sizeable uncertainties as well (mainly
from matrix elements connecting the three-gluon Weinberg
operator to the neutron EDM) and assume that there are not
other contributions to the neutron EDM (for instance, from
EDMs or CEDMs of light quarks). Our main goal here is to
assess the reach of a potential experimental program to
measure the EDMs of bottom-quark baryons.

VI. CONCLUSION

Electric dipole moment experiments provide one of the
most sensitive searches for BSM physics. Most focus has
been on EDMs of stable systems consisting of first-
generation quarks, but it has been proposed to look for
EDMs of baryons containing heavier quarks as well
[14–16]. Such systems are sensitive to CP-odd operators
involving second- and third-generation quarks and comple-
ment existing searches. However, essentially no theoretical
calculations have been performed to guide this developing
experimental program.
In this paper, we have analyzed the EDMs of spin-1=2

baryons containing a single bottom quark. Our starting
point has been operators of dimension 6 in the SMEFT
Lagrangian that violate CP and contain a b̄Γb bilinear
(where Γ denotes a Lorentz structure). We considered a
hypothetical bottom-quark EDM and chromo-EDM and
several four-quark operators mixing bottom quarks with
lighter quarks. We used chiral perturbation theory to
construct the resulting CP-violating hadronic interactions
between spin-1=2 single-bottom baryons, Goldstone

bosons, and photons and calculated the EDMs up to the
first nonvanishing order for each source of CP violation.
Our results indicate that different sources ofCP violation

lead to a different pattern of EDMs due to the chiral- and
isospin-symmetry properties of the underlying sources. In
principle, this would allow for the identification of the
dominant source of CP violation based on the relative sizes
of EDMs of triplet and sextet bottom-quark baryons. The
absolute sizes of the EDMs, however, are very uncertain, as
very little is known about the magnitudes of the low-energy
constants appearing in the CP-odd chiral Lagrangian. We
made estimates using naive dimensional analysis and found
that for BSM scales of 1 TeV we can expect EDMs in the
range of 10−19 − 10−24 e cm depending strongly on the
dimension-6 operators under consideration. All EDMs
scale as Λ−2, so the sizes of the EDMs can easily be
obtained for other BSM scales. If the experimental program
picks up steam and EDMs of these systems are targeted, it
would be good to calculate the LECs with nonperturbative
techniques to get more reliable estimates. The techniques
developed in this work can be readily extended to calculate
EDMs of charmed baryons, and work along these lines is in
progress.
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APPENDIX A: FORM FACTORS

The full expression for the neutral and charged b-baryon
form factors up to the order Oðδ2Þ with the tree-level
results is

TABLE V. Numerical contributions to the EDMs of the sextet baryons for Λ ¼ 1 TeV. The results are given in 10−19 , 10−20 , 10−21 ,
and 10−24 e cm for the qEDM, qCEDM, 4q, and 4qLR operators, respectively.

Contribution Σþ
b Σ0

b Σ−
b Ξ00

b Ξ0−
b Ω−

b

qEDM −0.16� 2.8 −0.16� 2.8 −0.16� 2.8 −0.1� 2.8 −0.16� 2.8 −0.16� 2.8
qCEDM þ0.10� 3.3 þ0.04� 2.2 þ0.070� 3.3 þ0.040� 2.2 þ0.070� 3.3 þ0.070� 3.3
4q −0.050� 2.1 þ0.070� 1.2 þ0.040� 2.1 þ0.020� 1.3 þ0.050� 1.6 −0.060� 2.0
4qLR −0.23� 7.9 −0.010� 4.9 þ0.21� 5.7 þ0.050� 4.8 þ0.21� 5.6 þ0.35� 5.3
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Dγ
Λ0
b
ðq2Þ ¼ 4c1 − 4eðb19 − μ11ðμub − μdbÞ þ μ14ðμub þ μdbÞ − 2μ20ðμub − μdb − μsbÞ

− ReðVubÞðν11 − ν14 þ 2ν20ÞνubÞ

þ eg2
4F2

π
ðReðVubÞν3νub þ μ8ðμub þ μsbÞÞ

Z
1

0

dx
1

M̃K

∂
∂M̃K

J1ð−Δ; M̃KÞ;

Dγ
Ξ0
b
ðq2Þ ¼ 4c1 − 4eðb19 − μ11ðμub − μsbÞ þ μ14ðμub þ μsbÞ − 2μ20ðμub − μdb − μsbÞ

− ReðVubÞðν11 − ν14 þ 2ν20ÞνubÞ

þ eg2
4F2

π
ðReðVubÞν3νub þ μ8ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð−Δ; M̃πÞ;

Dγ
Ξ−
b
ðq2Þ ¼ 4c1 − 4eðb16 þ b19 þ ðμ11 þ μ14Þðμdb þ μsbÞ þ 2μ17ðμub þ μdb þ μsbÞ

− 2μ20ðμub − μdb − μsbÞ þ 2ReðVubÞðν17 − ν20ÞνubÞ

−
eg2

4π2F2
π
ðReðVubÞν3νub þ μ8ðμub þ μsbÞÞ

Z
1

0

dx
1

M̃K

∂
∂M̃K

J1ð−Δ; M̃KÞ

−
eg2

4π2F2
π
ðReðVubÞν3νub þ μ8ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð−Δ; M̃πÞ;

Dγ
Σþ
b
ðq2Þ ¼ 2c2 þ 2eðb17 − b20 þ 2ðμ12 − μ15Þμub þ 2μ18ðμub þ μdb þ μsbÞ

þ 2μ21ðμub − μdb − μsbÞ þ 2ReðVubÞðν12 − ν15 þ ν18 þ ν21ÞνubÞ

þ eg1
4π2F2

π
ðReðVubÞν2νub þ μ7ðμub þ μsbÞÞ

Z
1

0

dx
1

M̃K

∂
∂M̃K

J1ð−Δ; M̃KÞ

þ eg1
4π2F2

π
ðReðVubÞν2νub þ μ7ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð−Δ; M̃πÞ

þ eg2
2π2F2

π
ðReðVubÞν3νub þ μ8ðμub þ μsbÞÞ

Z
1

0

dx
1

M̃K

∂
∂M̃K

J1ð0; M̃KÞ

þ eg2
2π2F2

π
ðReðVubÞν3νub þ μ8ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð0; M̃πÞ;

Dγ
Σ0
b
ðq2Þ ¼ 2c2 − 2eðb20 − μ12ðμub − μdbÞ þ μ15ðμub þ μdbÞ − 2μ21ðμub − μdb − μsbÞ

− ReðVubÞðν12 − ν15 þ 2ν21ÞνubÞ

þ eg1
8F2

π
ðReðVubÞν2νub þ μ7ðμub þ μsbÞÞ

Z
1

0

dx
1

M̃K

∂
∂M̃K

J1ð−Δ; M̃KÞ

þ eg2
4F2

π
ðReðVubÞν3νub þ μ8ðμub þ μsbÞÞ

Z
1

0

dx
1

M̃K

∂
∂M̃K

J1ð0; M̃KÞ;

Dγ
Σ−
b
ðq2Þ ¼ 2c2 − 2eðb17 þ b20 þ 2ðμ12 þ μ15Þμdb þ 2μ18ðμub þ μdb þ μsbÞ

− 2μ21ðμub − μdb − μsbÞ þ 2ReðVubÞðν18 − ν21ÞνubÞ

−
eg1

4π2F2
π
ðReðVubÞν2νub þ μ7ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð−Δ; M̃πÞ

−
eg2

2π2F2
π
ðReðVubÞν3νub þ μ8ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð0; M̃πÞ;

Dγ
Ξ00
b
ðq2Þ ¼ 2c2 − 2eðb20 − μ12ðμub − μsbÞ þ μ15ðμub þ μsbÞ − 2μ21ðμub − μdb − μsbÞ

− ReðVubÞðν12 − ν15 þ 2ν21ÞνubÞ
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þ eg1
8F2

π
ðReðVubÞν2νub þ μ7ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð−Δ; M̃πÞ

þ eg2
4F2

π
ðReðVubÞν3νub þ μ8ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð0; M̃πÞ;

Dγ
Ξ0−
b
ðq2Þ ¼ 2c2 − 2eðb17 þ b20 þ ðμ12 þ μ15Þðμdb þ μsbÞ þ 2μ18ðμub þ μdb þ μsbÞ

− 2μ21ðμub − μdb − μsbÞ þ 2ReðVubÞðν18 − ν21ÞνubÞ

−
eg1

8π2F2
π
ðReðVubÞν2νub þ μ7ðμub þ μsbÞÞ

Z
1

0

dx
1

M̃K

∂
∂M̃K

J1ð−Δ; M̃KÞ

−
eg1

8π2F2
π
ðReðVubÞν2νub þ μ7ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð−Δ; M̃πÞ

−
eg2

4π2F2
π
ðReðVubÞν3νub þ μ8ðμub þ μsbÞÞ

Z
1

0

dx
1

M̃K

∂
∂M̃K

J1ð0; M̃KÞ

−
eg2

4π2F2
π
ðReðVubÞν3νub þ μ8ðμub þ μdbÞÞ

Z
1

0

dx
1

M̃π

∂
∂M̃π

J1ð0; M̃πÞ;

Dγ
Ω−

b
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APPENDIX B: EDMS WITH NDA ESTIMATES

Replacing the unknown LECs in the equations for the neutral and charged b-baryon EDMs with the NDA estimate leads
to the expressions
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where c̃i, b̃i, μ̃i, and ν̃i are dimensionless constants which are varied from −3 to þ3 in the MC sampling. The estimation
4πFπ ∼ Λχ has been used at certain steps.
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APPENDIX C: LOOP FUNCTIONS

In this Appendix, we give the loop functions in the heavy-baryon formulation [41] which appear in the calculation of the
diagrams in Fig. 1,

ΔM ¼ 2M2

�
Lþ 1

16π2
ln

�
M
λ

��
þOðn − 4Þ;

1

i

Z
dnk
ð2πÞn
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1 −

n
2

�
; ðC1Þ

1
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Z
dnk
ð2πÞn
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1
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Z
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½v · k − w�2½M2 − k2� ¼ fG0ðwÞ; vμG1ðwÞ; gμνG2ðwÞ þ vμvνG3ðwÞg; ðC3Þ
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∂
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where w̃ðxÞ ¼ wþ xv · q and M̃2ðxÞ ¼ xðx − 1Þq2 þM2. The analytical expressions for the loop functions in dimensional
regularization are

J0ðwÞ ¼ −4Lwþ w
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for M2 > w2,

J0ðwÞ ¼ −4Lwþ w
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for w2 > M2, and

J1ðwÞ ¼ wJ0ðwÞ þ ΔM; J2ðwÞ ¼
1

n − 1
½ðM2 − w2ÞJ0ðwÞ − wΔM�; ðC9Þ

J3ðwÞ ¼ wJ1ðwÞ − J2ðwÞ; ðC10Þ

GiðwÞ ¼
∂
∂wJiðwÞ; i ¼ 0; 1; 2; 3: ðC11Þ
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