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Parity-violating and time-reversal-violating (PVTV) pion-nucleon couplings govern the magnitude of
long-range contributions to nucleon and atomic electric-dipole moments. When these couplings arise from
chiral-symmetry-breaking charge-parity-violating (CP-violating) operators, such as the QCD 6 term or quark
chromoelectric dipole moments, one may relate hadronic matrix elements entering the PVTV couplings to nucleon
and pion mass shifts by exploiting the corresponding chiral transformation properties at leading order in the chiral
expansion. We compute the higher order contributions to the lowest order relations arising from chiral loops and
next-to-next-to leading order operators. We find that, for the QCD 6 term, the higher order contributions are
analytic in the quark masses, while for the quark chromoelectric dipole moments and chiral-symmetry-breaking
four-quark operators, the matching relations also receive nonanalytic corrections. Numerical estimates suggest
that, for the isoscalar PVTV pion-nucleon coupling, the higher order corrections may be as large as ~20%, while
for the isovector coupling, more substantial corrections are possible.
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I. INTRODUCTION

The study of parity-violating and time-reversal-violating
(PVTYV) interactions can be traced back to the 1950s when
Purcell and Ramsey proposed searching for the existence of
a permanent electric-dipole moment (EDM) of neutron [1].
Today, the subject attracts considerable attention because it
is known that charge-parity violation (CP violation)' is one
of the necessary ingredients for explaining the imbalance
between the amount of matter and antimatter of the current
universe [2]. The Standard Model (SM) allows CP-violating
interactions through the complex phase in the Cabibbo—
Kobayashi—-Maskawa (CKM) matrix [3] but it is insufficient
to account for the total observed asymmetry [4-6]. Therefore,
alternative sources of CP violation (CPV) are required.

Assuming that the extra degrees of freedom (DOFs)
associated with the beyond Standard Model (BSM) CPV are
heavy, they can be integrated out of the theory at low energy
to obtain effective operators of higher dimensions that consist
solely of SM DOFs. The PVTV components of these effective
operators will in turn generate PVTV low-energy observables,
such as EDMs. Current experiments set upper limits on
EDMs, including those of the electron (8.7 x 107¥¢ cm,
90% confidence level) [7], mercury atom (7.4 x 10~% cm,
95% confidence level) [8], and neutron (3.0 x 10~2%¢ cm,
90% confidence level) [9,10]. These upper limits imply upper
bounds of the magnitudes of Wilson coefficients of the PVTV
effective operators. When hadrons are involved, translating
EDM limits onto these operator bounds is highly nontrivial.
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The matching between low-energy hadronic observables and
the Wilson coefficients of operators in the quark-gluon sector
involves various hadronic matrix elements that are difficult to
evaluate from first-principles due to the nonperturbative nature
of quantum chromodynamics (QCD) at low energy.

In this work we are particularly interested in the PVTV
pion-nucleon coupling constants g, where i = 0,1,2 denotes
the isospin [11-15]. The g\ govern the strength of long-range
(pion-exchange) contributions to atomic EDMs as well as to
those of the proton and neutron (see, e.g., Refs. [15,16]).
These interactions can be induced by various PVTV effective
operators at the quark-gluon or quark-photon level such as
the 6 term, the quark EDM and chromo-EDM, the Weinberg
three-gluon operator, and various four-quark operators. In
particular, if a specific PVTV effective operator breaks chiral
symmetry, then its P- and T-conserving (PCTC) counterpart
will also generate corrections to pion and nucleon masses.
Consequently, there exist matching formulas that relate the
induced g and these mass corrections simply due to chiral
symmetry [11,12,14,15,17]. In terms of the SO(4) representa-
tion of chiral perturbation theory (ChPT), the statement above
reflects the fact that the PCTC and PVTV components of
the effective operator belong to different components of a
single SO(4) representation; therefore, their hadronic matrix
elements are related through the Wigner—Eckart theorem. This
idea is practically beneficial because one may then extract the
PVTV hadronic matrix elements for the g\’ from the study of
parity- and time-reversal-conserving (PCTC) hadronic matrix
elements that are the pion and nucleon mass shifts. The
latter may be obtained by lattice gauge theory or other
phenomenological approaches. For example, application to
the 6 term with a lattice value of nucleon mass shift yields
g9 ~ (0.0155 £ 0.0025)9 [18].
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TABLEI. Numerical estimates of the one-loop contribution to the
deviation of the tree-level matching formulas. The numerical values of
Sféz,p are evaluated at the renormalization scale y = 1 GeV assuming
all the nucleon mass shifts induced by non-quark-mass operators are
zero. Columns two and three indicate whether the leading matching

relation arises at LO, NNLO, or not at all.

Operator 2% matching g’ matching &, i,
6 term LO NNLO 0 N/A
Chromo-MDM/EDM LO LO 0.021 -3.1
LR4Q LO LO —-0.12 =32
Chiral-invariant

operators N/A N/A N/A N/A

It is important to ask how robust these relations are
when taking into account possible higher order contributions
involving chiral loops and higher order terms in the chiral
Lagrangian characterized by additional low-energy constants
(LECs). As a matter of principle as well as for purposes of
numerical precision, one must include these corrections when
applying the matching relations. For instance, Ref. [ 18] studied
the higher-order effects to the matching formulas induced by a
QCD 6 term in a three-flavor ChPT. They found that, when the
matching relation of g is expressed in terms of the nucleon
mass splitting, then its form is preserved by the chiral loop
correction. Consequently, the corrections to the leading-order
(LO) matching relations are analytic in the quark masses.

In this work, we extend the study of Ref. [18] to cover
all effective operators up to dimension six that include only
the first generation quarks based on two-flavor heavy baryon
chiral perturbation theory (HBChPT) in the SU(2)L, x SU(2)g
representation. First, we perform a general study of how
these operators break chiral symmetry by using the spurion
method. This allows us to implement the effects of the chiral-
symmetry-breaking (CSB) operators to the chiral Lagrangian
in a straightforward manner and obtain the tree-level matching
formulas. Next, we study the chiral one-loop corrections to
both g and the hadron mass shifts. The results are expressed
in the most general form so that they may be straightforwardly
applied to any specific effective operator. Based on the general
formalism above, we study higher order effects to the matching
formulas induced by the complex quark mass term (induced
by the QCD 6 term), the chromo-EDM, and the left-right
four-quark (LR4Q) operator that are the only three effective
operators in the quark sector that contain both PCTC and
PVTV components simultaneously and at the same time break
chiral symmetry.

Given the length of this paper, it is useful to summarize
here our main results and point the reader to the respective
sections for details. For convenience, we summarize these
features in Table I, whose content we now proceed to explain.
First, matching relations exist only for g\’ induced by chiral
noninvariant operators that possess both PCTC and PVTV
components. For these sources, ') can be expressed in terms
of mass shifts for nucleon and pion. For chirally invariant
sources, their low-energy PCTC and PVTV effects are not
related by any chiral symmetry and are, therefore, mutually
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independent. Hence, there exist no matching relations between
2\ and hadron mass shifts induced by these sources. It is also
interesting to notice that §” depends on the / = 1 nucleon
mass shifts, while g which has 7 = 1 depends on the I =0
nucleon mass shifts.

Next, we consider higher order effects, including both
one-loop corrections as well as contributions from higher order
LECs. For the loop correction, we find that in many cases a
one-loop diagram that corrects g%’ will have a corresponding
diagram with similar structure that corrects the nucleon mass
shift [see, e.g., Figs. 1(a) and 2(a)]. Furthermore, the CSB
vertices in these diagrams are related by the tree-level matching
relations. As a consequence, the one-loop corrections to g\
and nucleon mass shifts induced by these diagrams satisfy the
same tree-level matching relation. There exist exceptions to
this rule, arising from one or more of the following situations:
(1) when the tree-level matching involves (Am%), the shift
of squared pion mass due to the extra operators, the loop
corrections to this term do not have counterparts that correct

(” (2) the naive matchlng between the PVTV tree-pion
couphng g and (Am2) is spoiled by vacuum alignment,
so that diagrams involving insertion of these operators do
not satisfy the tree-level matching, and (3) there are several
corrections to the / = 0 nucleon mass that do not require
extra CSB operators [such as in Figs. 2(h), 2(i), and 2(k)], so
there are no corresponding diagrams that contribute to g®.
With these observations in mind, we show that the tree-level
matching for g(o) induced by the 6 term is preserved under
one-loop correction, confirming the result from Ref. [18],
while matchings induced by other operators such as dipole
operators and four-quark operators are not respected by loop
corrections. On the other hand, contributions from higher order
terms in the chiral Lagrangian do not respect the original
matching relations in general, implying a dependence of the
matching relations on the associated LECs.

Finally, we estimate the numerical size of higher order
corrections to the tree-level matching relation by using
experimental and lattice-calculated hadron mass parameters
as inputs. For each operator CSB operator O, if the tree-level
matching relation has the form F,g\!) = f@) where F, ~
186 MeV is the pion-decay constant and f@ is a function
of hadronic mass parameters as well as the PVTV Wilson
coefficients, we may characterize the correction to the LO
matching relation as

<80 = 01+ Bioap + 8ikc), (M
where 8]((’)3) and S(L’EC are relative deviations due to one-
loop correctlon and higher order LECs, respectively. We are
particularly interested in 51((')2) because 3&)% does not involve
chiral logs and is therefore suppressed by usual chiral power
counting. In principle, one could write down explicit expres-
sions for {8100 } as we shall present in the following sections;
however, thelr numerical values cannot be determined because
they involve the isoscalar and isovector nucleon mass shifts
{(Amy)o,(8my)p} induced by the operator O which is not
the quark mass operator (except for the case of the 6 term).
Therefore, in the numerical estimation of {B(i) } we shall

loop
simply set them to zero. The result is summarized in Table I
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FIG. 1. Loop diagrams that give rise to PVTV pion-nucleon interactions. Each circular vertex denotes a PVTV interaction vertex defined
in Sec. Il A. Diagram (g) involves O(E?) NNrw coupling. The last diagram does not contribute to g’ due to the derivative nature of the

chiral-invariant pion-nucleon coupling.

where we find that the tree-level matching formula for g© is
relatively robust numerically under loop corrections regardless
of choice of the underlying operator, while the status for g\
in general receives large loop corrections. On the other hand,
the quantity Sl(j]z:c involves unknown LECs and can only be
estimated at present based on rough dimensional arguments.
Of course, such estimation may never pretend to be any
trustworthy prediction of the actual numerical values of the
LECs; in particular, as pointed out in Ref. [19], it makes no
prediction of their signs. It therefore only serves to provide a
rough estimate of the order of magnitude of the uncertainty
brought up by the LECs. We find that the impact of the LECs
on the g matching can be as large as 10%-20% while
their effect on the g’ matching is usually not much larger
than 1%.

Our discussion of this study organized as follows: In Sec. II
we introduce a spurion formalism and give a general discussion
of the possible forms of the spurion that encode the explicit
CSB effects of the effective operators up to dimension six.
In Sec. III we write down the most general form of PVTV
operators as well as PCTC and CSB operators that could
contribute to the loop corrections for g’ and the mass shifts
of the pion and nucleon. These loop corrections are then
computed in Sec. IV in their most general form. Based on
these results, we perform a case-by-case study of the matching

formulas for g\ induced by different effective operators,
including both loop and LEC contributions, in Sec. V. Finally,
we draw our conclusions in Sec. VI.

II. CHIRAL SYMMETRY AND THE SPURION METHOD

It is well known that a massless two-flavor QCD obeys
SU2)1, x SU(2)r chiral symmetry defined by the following
transformation on the quark field:

Or — VrQOr, Qr— VL0, ()

where {Vg,V,} are 2 x 2 unitary matrices. Chiral symmetry
is explicitly broken in ordinary QCD only by the quark mass
terms. However, when we consider effects from BSM physics
there may be additional higher-dimensional operators that
break the symmetry as well. In general, these symmetry-
breaking terms can always be expressed as products of Qg, O,
with some constant matrices (or products of matrices) in
such as way that if these matrices would transform with a
specific way under the chiral rotation then the corresponding
terms would be chirally invariant. These matrices, known as
spurions, are used to describe the explicit CSB effects in the
low-energy effective theory of QCD because we expect the
latter to obey the same symmetry-breaking pattern as QCD
itself.
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FIG. 2. The nonvanishing one-loop amputated diagram contribution to the hadron mass shifts. Each square denotes a PCTC CSB interaction
defined in Sec. I11 B. Diagrams () and (k) involve O(E?) NNm interaction vertexes.

Here we present the most general form of QCD spurion
that encodes the effects from all effective CSB operators
up to dimension six that involve only the light quarks and
massless gauge bosons. Our choice of operators are those
that obey the SM gauge symmetry at high energy (see
Ref. [20] for a complete list of operators). They then undergo
electroweak symmetry breaking (EWSB) where the neutral
Higgs is replaced by its vacuum expectation value (VEV).
These operators can be divided into two categories; namely,
the quark bilinears and the four-quark operators. Operators in
different categories in general take a different form of spurions.

A. Quark bilinears

At dimension four the only CSB terms are the quark
Yukawa coupling terms that then undergo EWSB to give
rise to the quark masses. At the same time, a nonvanishing
QCD 6 term may then be rotated away by using the axial
anomaly to be replaced by complex phases in the quark masses
(this procedure will be reviewed in Sec. V A). The resulting
Lagrangian will take the general form

—QrXQr +He, 3)

where X is a complex 2 x 2 diagonal matrix in flavor space
and the term would be chirally invariant if X would transform

as X —> ViX VZ under chiral rotation.

At dimension six the only CSB bilinear operators of quarks
are the 2 H?> operators and the dipole-like operators.> On
the one hand, the v2H? operators reduce to complex quark
mass terms after EWSB so we do not need to discuss them
separately. On the other hand, the dipole operators have the
general form

Q0" T HdgV},, 4)
where T4 is a generator of any one of the SM gauge
groups and Vlfv are the corresponding field strength tensor
(a similar structure appears for up-type quarks with dg — upg
and H; — €;H}"). After EWSB, the dipole operators reduce
to the dimension five forms:

C]LU’“))L—

2
GrLo"'qrZ,y, dpottdg W,jv-

F,

a = v
qRG/Lv’ qLaﬂ qR I s

&)

We can neglect the last three operators because their effects in
the generation of pure hadronic operators will be suppressed
with respect to the first either by the electromagnetic cou-
pling strength or inverse powers of the heavy gauge boson
masses. The remaining operators are the flavor-diagonal quark

2 Another operator of the form i(I:ITDMH)IZR)/“dR, with Hj =
€ H}, will be classified as a four-quark operator after the W boson
is integrated out.
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chromo-magnetic-dipole moment (cMDM) and chromo-
electric-dipole moment (CEDM).

In terms of the chiral spurion, the cMDM and cEDM
operators take the form

QRaf”x “0.64,, ©)

where again X is a complex 2 x 2 diagonal matrix. We then
conclude that the quark bilinears appearing in Eqgs. (3) and (6)
imply the same form of the spurion; namely,

X =a+ b, @)

where {a,b} are complex numbers. If the spurion would
transform as X — Vg XV, under SU(2). x SU(2)g then the
Lagrangian would be chirally invariant. Furthermore, any
PVTV effects are contained in the imaginary parts of a and b.

‘When the spurion method is applied to the baryon sector of
the chiral Lagrangian, it is convenient to define the following
quantities:

X =u'Xu' +uxtu, (8)

where the subscript “+” ( ) denotes that the matrix is
Hermitian (anti-Hermitian) and u is the matrix function of pion
fields defined in Appendix A. They “transform” under chiral
rotation as X4+ — KX, K. One advantage of this notation
is that it allows us to construct a Lagrangian for which the
PVTV effects come entirely from the spurion matrix X. For
instance, X, is parity even and X _ is parity odd if X is a real
matrix because u <> u' under P. Therefore, in the LO effective
Lagrangian, the spurion involved should be X, and not X_
because we require the Lagrangian to be P (and T) even when
the matrix X is real.

w9

B. Four-quark operators

Next we study the most general form of spurion fields
induced by dim-6 four-quark operators. As explained at
the beginning of the section, these operators encode effects
of BSM physics at high scale, which is assumed to obey
the Standard Model SU(2);. x U(l)y symmetry, so they are
constructed by using the SU(2);. doublet field Q; as well
as the singlet fields {ug,dr}. Following the notations in
Ref. [20], these operators can be grouped into the following
categories:

1. (LL)LL)

The two independent operators could be chosen as

PHYSICAL REVIEW C 96, 065204 (2017)

They are both chirally invariant so they do not give rise to any
nontrivial spurion.

2. (RR)RR)

There are four independent operators in this category that
can be chosen as

iRyt ugiry g, dry"drdgyudr,

a

. A _ a
ﬁlRyM?uRdRyu?

gy urdry,dg, dg.  (10)
These operators break chiral symmetry as Xz or Xz ® Xg
where the spurion matrix X g = 73. Chiral symmetry would be
preserved if the spurion matrix would transform as Xp —
Ve Xr V,I, under chiral rotation. Here, the notation A ® B
means that the matrices A and B appear simultaneously in
a quark bilinear or a four-quark operator, e.g., QABQ or

QAQQOBO.
3. (LL)YRR)

There are four independent operators in this category that
can be chosen as

a

Y
QLVM? QLirYy

a

< UR,

Ory" QLiirYultr, 2

_ _ - A4 - A4
Qry" Qrdry,dr, QLVHT Q1dryu de- (11)

These operators break chiral symmetry through a single
spurion matrix Xg.

4. (LR)LR)

There are two operators in this category; namely,

L. _ oA Al
QL ugrQidg, & QIL?MR QJL?dR- (12)

Both operators are chirally invariant: for instance, the first
operator can be rewritten as £'/e’7 Q! Ok 01 Q% /2 so its
SU(2)L and SU(2)R invariances are explicit. Meanwhile, they
allow complex Wilson coefficients that give rise to PVTV

physics. We can then define their “spurion” simply as a
complex number.

5. Induced left-right four-quark operator

Finally there is another four-quark operator that arises
from i(HTD,LH)ﬁRy“dR. When the W* boson contained in
D,, is exchanged with the left-handed charge-changing quark
current, one obtains the following four-quark operator after

0y"Qr01yvuQr, Quy"t'Qr0Ly,t'Qr. (9 EWSB:
|
- _ 2 _ 1+ . = 1+
Cagdry"uriigyu,dr +He. = —§(C4qQR 5 20.0. gQR +C4,,QR QLQL 3QR)
_ 1413 A4 1—1m3 0 - 1+
_4(C4qQR—3_QLQL QR+C4qQR %_QLQL 3QR) (13)
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TABLE II. Complete list of spurions that enter the chiral Lagrangian. For each spurion, we show the constant value that it takes during
its implementation in the Lagrangian (third column) and how it would need to transform in order to leave the Lagrangian chirally invariant
(fourth column). Among all the operators, only the quark bilinears and the induced LR4Q operator are chirally noninvariant and at the same

time contain both PCTC and PVTV components.

Operators Spurion Constant value “Transformation Rule”
Quark bilinears X a+ bt X — VpX Vg
Four-quark: a a a—a
(LL)Y(LL), (RR)RR) Xz 2 Xr — VeXp V;
(LL)(RR), (LR)(LR) Xr® Xg 73 ® T3

Induced LR4Q cagXrL ® Xpg Xz =(1413)/2 Xgo — VeXre Vi,

+chXTLR ® XI?L

Xir=(1—-13)/2 Xir —> VLXLRV}I

where the right-hand side is obtained by using a Fierz transfor-
mation. We see that this operator breaks the chiral symmetry
asc4qXpp ® X1r + chXZR ® X;L where Xg; = (1 4+ 13)/2
and X; g = (1 — 13)/2 and would be chirally invariant if
Xrr — VeXrL VLT and X;r — Vi X1r V; under a chiral rota-
tion. One observes that the part of the operator proportional to
Re 4, is has the structure Qg Q101 Or — Or7301 01730k
(and terms with A, insertions), so it is PCTC with isospin
0 or 2. Meanwhile, the part proportional to Imcy, has the
structure O 01011308 — O30 01 Or (and terms with
A, insertions). It is PVTV with isospin 1.

Up to this point we have discussed all the possible
operators up to dimension six that would break the QCD
chiral symmetry. A complete list of spurions induced by these
operators can be found in Table II. It is important to note that
only the complex quark mass term, the dipole-like operators,
and the LR4Q operator are chirally noninvariant and contain
both PCTC and PVTV components. These three types of
operators will be relevant in the discussion of the matching
formula for the g% in the upcoming sections.

III. CHIRAL-SYMMETRY-BREAKING OPERATORS
IN A LINEAR REPRESENTATION

Insertions of the spurion fields we discussed in Sec. II into
the chiral Lagrangian will give rise to CSB operators consisting
of baryons and pions. Among them, the leading PVTV NNx
operators and the hadron mass operators are of greatest
importance because their Wilson coefficients will enter the
matching formulas for the g\’ that is the focus of this work. At
the same time, the existence of such operators automatically
implies the presence of a whole series of CSB operators with
higher powers of pions whose operator coefficients are related
by chiral symmetry. The relation, however, depends on the
explicit form of spurion. Consequently, it is not practical to
write down a single CSB Lagrangian containing terms with an
arbitrary number of pion fields without specifying the form of
spurion.

Nevertheless, a subset of CSB operators with higher powers
of pion fields (e.g. NNnw, NNnnm, and mwwmw operators)
must be included in this work because they contribute to
g and hadron mass parameters at one loop and will
therefore modify the matching formulas from their tree-level
expressions. For this purpose, it will be convenient to express

the Goldstone bosons (i.e., pions in our case) in the CSB
operators in linear, instead of nonlinear, representation. By
doing so we pay the price of losing the manifest chiral structure
of each term. On the other hand, results of the loop corrections
will be completely general and independent of any particular
choice of spurion. Eventually, when we need to apply the
general result to specific effective operators (spurions) we
simply refer back to the nonlinear representation, expand each
term in powers of pion fields, and match the coefficients with
those in the general linear representation.

We will also include the A baryons as explicit DOFs
since the nucleon-A mass splitting vanishes in the large-N,
limit [21] and since inclusion of A is generally required in
order to respect 1/N, power counting. As far as this work is
concerned, the A baryons only appear as virtual particles in
loop corrections to the g% and nucleon masses.

A. Parity-violating and time-reversal-violating operators

Following the foregoing discussion, we proceed to write
down all possible forms of lowest-order PVTV operators
involving nucleons, pions, and A baryons in the linear
representation of Goldstone bosons that are relevant to this
work. For the coefficient of these operators we adopt the
following unified notation; namely, the coefficient gﬁ(’” ) is the
real coefficient of the jth PVTV operator of type K with
isospin I (the superscript j will however be suppressed if
there is only one operator with isospin /). Because the g’
can only have isospin / = 0,1,2, for the renormalization of
these operators at leading order we only need to consider
all PVTV operators with I = 0,1,2. Furthermore, we choose
to parametrize g%’f ) in such a way that all of them are
dimensionless by the inclusion of appropriate powers of F;; in
front of each operator.

1. NN operators
The PVTV N Nr operators are defined as [16]

L=8YNT 7N+ gV noNN —35P9Tn,Nt,N, (14)

where Z = (1/3)diag(1 1 — 2) is needed to combine two
isospin triplets into an / = 2 quantity.
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2. AAmx operators
The PVTV A Arn operators have the general form T: Th!r,

where T/' is the field representation of the A baryon as

explained in Appendix A. They can be chosen as

£=3g0. Ti7 - 7T + ig(Al’AlfTe”bcnb[TlfrcT”‘ - T/ftcT“"]
+ig\ e TIT 7T + g o) T [ T T, T
+ 7. T,ffa T —m, T,jrch" -1, TﬂthT”"]
+ o Ty T, T (15)

Note that the T;‘ (a = 1,2,3) denote a set of three two-
component vectors in isospin space, satisfying t*7T = 0. This
representation allows us to write down all expressions in terms
of quantities such as ¢ and Z¢* where the indices run from 1
to 3.

3. wwrx operators

The PVTV three-pion operators should look like w7 as
operators with derivatives of higher order. In particular, the
only operator relevant to us is the / = 1 operator (the others
have I = 3):

L£=3gV F,7%m. (16)

T

It is T odd because the neutral pion field changes sign under T
under our conventions for the pion-nucleon interactions.

4. NNrnrm operators
The PVTV N Nmmm operators can be chosen as

g(O) _ g(l) _
L==E0ENT 7N 4 SR NN o

T T
e 702
+ 2 Ty NT - &N + 2B T, No, N?.
F2 Fy

a7

B. Parity-conserving and time-conserving operators

Following the same line of thought as in the previous
section, we construct all relevant PCTC CSB operators that
contribute to the loop correction to hadron mass shifts. Again
these operators are defined by using a linear representation of
the Goldstone bosons.

1. wx operators

There are only two kinds of CSB wm operators, which
are the isospin-invariant (I = 0) and isospin-breaking (I = 2)
mass terms respectively:

L=-3(aml)? = 3(sm2)I*n 7" (18)
Here we define (Am2) such that it does not include the
LO-contribution from the quark mass [i.e., the well-known
(mf,)o = 2Bym contribution in ChPT, as we shall also discuss
in Sec. V A]. That is, we shall include only (m2 ), in the pion
propagator while the (Am%) and (Smi) defined above appear
only in the form of two-pion vertexes in Feynman diagrams, as
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depicted in Fig. 2. A similar argument applies for the quantities
(Amp), (8myp), and (811 5), which we shall define below: they
appear only in the form of A-A vertex, while the A propagator
contains only §,; namely, the nucleon-delta mass splitting in
the chiral limit, as defined in Eq. (B1).

2. T operators
There are two four-pion operators up to / = 2. They can be
written as

L=gP@H + gD,y (19)

Again, we define gfgr) such that it does not include the LO
contribution from the quark mass.

3. NN operators

Again there are only two kinds of CSB NN operators,
corresponding to the nucleon o term and the mass-splitting
term. We write them as

Omy) &N, (20)

L =(Amy)NN +

Even though the operator NN is chirally invariant, it can still
be obtained through an insertion of a spurion (e.g., from the
isospin-invariant part of the quark mass matrix) so it must
included for completeness.

4. NNrnx operators
We are only interested in the / = 0,1,2 operators

) 1,n
= ENNmn NN#2 + SNNmrn NtsN72
Fr Fr
(1,2) 2)
+ gNFﬂN%’ FNmo + “’NFMI"%%NN. 1)

T b/

There is another I = 2 operator but it is T odd.

5. AA operators

There are four kinds of AA operators corresponding to
four mass terms. However, here we are only interested in the
I = 0,1,2 operators. They are

o Oma)
L= (@mATIT + =

Tt T +3(8ma) I T T
(22)

Again we define (Am,) such that it does not include the
original residual mass §, in the chiral limit. Similar to NN,
the operator Tlf T is chirally invariant yet it can still be
induced by a spurion insertion so we need to include this
term.

IV. ONE-LOOP CORRECTION TO g AND HADRON
MASS SHIFTS

With all the relevant operators defined in Sec. III it is
now straightforward to compute the most general one-loop
corrections to both g% and the hadron mass shifts. To obtain
the total result one needs to compute both the one-particle
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irreducible (1PI) diagrams and the wave-function renormaliza-
tion graphs. The latter are quite standard and are summarized in
Appendix D.

Terms in the chiral effective Lagrangian at low energy
are arranged according to increasing powers of E, a typical
small energy scale in the theory. A valid power expansion
in HBChPT requires E/(2n F;), E/my < 1. Following the
usual conventions [22], forms such as 9,,, m,, and the A-N

J
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mass splitting 8, count as O(E") while the light quark mass
mg, and other quantities linearly proportional to m, count as
O(E?) because, as we shall see later, m2 ~ m,. Based on
such power counting, there are seven types of 1PI diagrams
that contribute to the correction of g’ up to next-to-next-to
leading order (NNLO) and they are summarized in the first
seven diagrams in Fig. 1. Together with the wave-function

renormalization, they give

©0)

_ 4330 4082, .3 420 5z _
(@ ooy = gy la = g g a |~ + T e+ (Zy = DEY + (VZx — Dioop?.
e T T T
—(1,1 —(1,2
) _ 128A3(]) 16g721NAg(AA7)r 88721NA8(AA;)1 408A87(11;3n 8OgnNAg7(rl7')rrr
8(2% ) 100p = I, I - I - I,
loop F2 3F2 3F2 F, 3F,
58\) Sm2gl)
+ 1”,23” le+ =~ 2 [ + 4y + 1D = 20] 4+ (Zy — DY + (VZx — Dioopd (23)
2,1 ~(2,2) 2,1 2,2)
3(—(2)) 48A87(12)I + SgnNAgAAn 40g721NAgAAJT I, — Zg(z) + 28 N3 T 58NN I}
87 Joop = Tz 9F2 27F2 1T\ R 3F2 ‘

+(Zy = 1DEP + (VZx — Dioop?,

with the loop integral functions {I,} defined in Appendix C. Throughout this paper, the UV divergence of the loop integral
expressed in terms of the quantities L and L’ that are defined as

_ w2 )\
L'=L+Inh|{—) =———y+Indr +1n . 24)
my 4—d mgy
Similarly, we shall study the one-loop corrections to the hadron mass shifts, i.e., (Am2), (Amy), and (Smy) defined in
Egs. (18) and (20). The relevant 1PI diagrams are given in Fig. 2. In the nucleon sector, the most general one-loop corrections to
the nucleon sigma term and mass splitting [defined in Eq. (20)] are given by

0) 2 2 2 2
12(Amy)igs . 882wa(Bdma)i  3(&wnnn)i, . 12(Am2) gk 8giya(Am2),
S(Amp)itoop = (Zy —D)(Amy); — P2 a— & 1+ F I, + 72 . 72 Iy
3m2 (Am?), 262 8g2 3m? 1
- i ’[(m+4yz)(L’+1>—2yz]+a,~q{ FzA’ + ;’z“lg—m 3 [(y1+4y2)(L’+1)+ m]}
4g3(Bmy); - 40g2, \(Bma); Gwan): +2(g5 v
S Yisonp = (Zy — D(Emy); + 5401y O8anaOma) ) O(8nivar); +2(8ivar); .. (25)

F? 9F? Fr
Here the subscript i denotes the specific choice of effective operator that induces the spurion field, e.g., i = g (quark mass), ¢
(quark cMDM or cEDM), and 4¢g (LR4Q). In the pion sector, we concentrate on the isospin-singlet pion mass shift. For the case
of f-term and dipole operators, this is the only pion mass shift that comes into play. For the case of LR4Q, although the I = 2
pion mass shift is also generated, but it is not independent from its isosinglet counterpart. Therefore, we are allowed to choose

only the I = 0 pion mass shift to enter the matching relations. Its loop correction reads

11(Am2). m? 5m2 (g4),

2 [ A
8(Amﬂ)[,100p - 247.[21:'7% 11 4 2

(

both PCTC and PVTV components simultaneously. This
simple observation greatly reduces the amount of relevant
operators to four types; namely, (1) the complex quark mass
operator, (2) the dipole-like operators, (3) the LR4Q operator,
and (4) the two chirally invariant (LR)(L R)-type operators.
We shall apply our general formalism in Secs. II-IV to study
the influences of these four types of operators separately.

V. DISCUSSION OF MATCHING RELATIONS OF g

With all the preparations in Secs. II-IV we are now in a
position to discuss the matching relations between the g% and
the hadron mass shifts induced by various effective operators.
It is obvious that a necessary condition for these matching
relations to exist is that the underlying operator should possess
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A. Quark mass and QCD 6 term

We start by reviewing previous studies of the P- and
T-violation generated by the QCD 6 term (see, e.g.,
Refs. [12,18,23] and references therein). The QCD Lagrangian
with a nonzero 6 term takes the following form:

L{qir.qiL}) = Z[sz’ilp%‘ = GirMogiL — Gir Mogir]
1 _ g2
_ _Ga Ga,ul) _ 9 N
4 3272

where M, = diag(m; m, ...) is the real quark mass matrix.
Due to the axial anomaly, if we perform an axial rotation ¢; —
€'%75g; to the quark field g;, the Lagrangian will change as

LAqirqir)) — LA qir,e ™ qir})
+ Ze gf

Therefore, for a two-flavor QCD with Q = (u d)7, we may
perform the following rotation to eliminate the 8 term:

G4,G" . (27)

-G, LG, (28)

Q — esGems Q. (29)

Here, « is so far a free parameter that will be fixed later by
the requirement of vacuum stability. The resulting Lagrangian
looks like

L=0iPQ— 0rX,01 — QLX) 0r — 1G4,G, (30)

where now X, is the complex quark mass matrix that acts as
a spurion as described in Sec. II:

X, = Me’i%{cosa —iesina + (—gcosa + i sina)t3},
(31)
with m = (m, +my)/2 and e = (myg —m,)/(m, +my).
Throughout this paper we take /m ~ 3.6 MeV and ¢ ~ 0.33

from the lattice calculation [24] whenever their values are
needed.

1. Tree-level matching

Now we would like to generate PVTV operators in the chiral
Lagrangian by appropriate insertions of X,,. In the pure pionic
sector, the leading operator at O(E?) with an X g-insertion is

FZBy

Tr[X, U + UX]]

F§ By 6 ) 27?
= cosacos — —esinesin— J{1—— +-
2 2 2 F?

2 (o 0 .0
+ FyBym s1nacos§+scosasm§

2
(1—2i+ )”0 32)

where Fj is just F; in the chiral limit.

Note that the existence of the my term makes the vacuum
unstable because one may lower the energy of the system
indefinitely by keep creating neutral pions from the vacuum.
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To avoid that, we simply impose the “vacuum alignment”
condition that says the value of « should be chosen such that
the 7o term vanishes [25,26]. For the case that the 6 term is the
only source of T violation, the vacuum alignment condition is
simply o &~ —&6/2 assuming @ is small. The complex quark
mass matrix X, then turns into

m -
X, =My —13(1 —&)b. (33)

Afteri 1mposmg the alignment condition we obtainm?2 = 2By
where m? is defined as the squared mass of charged pions w4
(which leads to By &~ 2.7 GeV if we take the lattice value for
m [24]). The mass splitting between charged and neutral pion
occurs at the O(E*) level. Also, note that the requirement
of vacuum alignment kills the my term as well as all other
terms that have an odd number of pions. Therefore, the term
in Eq. (32) does not give any T-violating operator. Instead,
we obtain an isospin-invariant mass term for the pion triplet.
Also, an important feature one observes is that, after vacuum
alignment, the PVTV term in X, is an isoscalar [recall
the definition of X in Eq. (8) and the subscript ¢ denotes
the contribution from the complex quark mass matrix]. That
implies, at leading order of the m2 expansion, the PVTV
interactions induced by the 0- term are all isoscalars.

In the nucleon sector, the leading term that gives a nonzero
T-violating effect is

ciNXy N + ¢ Tr[ X, INN
=2m(c; + 2¢}) (NN + - --) — 2imec; (N3N + - - )

2m(1 — )8 2
_M(l_L+
Fo

S )N?~ﬁN, (34)

where + - - - denotes terms additional pion fields. This simply
corresponds to the pion-nucleon Lagrangian with chiral index
A =1 by Mereghetti et al. [12]. The first term contributes
to the nucleon sigma term (Amy), = 2m(c; + 2¢}) while
the second term contributes to the nucleon mass splitting
(8mpy), = —4mec. The third term contributes to g and
g;(,);vgn with g9 = —2m(1 — &%)dc,/ Fy and gNN37r = 3ng0)
[it is interesting to note that, in the SO(4) representatlon of
ChPT, e.g., in Ref. [12], the relation between gy 5, and g

is apparently different: gy, = —z]. However one is able
to show their equivalence by using the equation of motion
(EOM). Now since both (§my), and g(o) depend linearly on
c1, one may relate them as

g2 _
(Smn),0. (35)

g0 =

Notice that we have made use of the fact that F, = F at
leading order. This replacement is crucial so that the same
equation holds even when higher order corrections to the pion-
decay constant are included, as we discuss later. Equation (35)
is exactly the tree-level matching relation between g and
(8my)q. The same procedure is used to determine all other

3The operator coefficients are related to those in Bernard, Kaiser,
and MeiBner [27] by ¢; = 2BocE*M, ¢} = 2By cBKM.
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matching relations at tree level so we may skip the intermediate
steps when we introduce them later.

In the A sector we have an analogous leading term that
gives T violation:

o Ti X T + ST X T, T, (36)

and we have an analogous coefficient matching:
_(0) 1 —_ 82 —
Fr8pnr = 2 (8ma)g0. 37

2. Loop correction

Next we consider the one-loop correction to the left-
hand-side (LHS) and right-hand-side (RHS) of the tree-level
matching relation (35). The loop corrections to F, g and
(8my), are given in Egs. (E1) and (E3), respectively, in
Appendix E. The former is expressed in terms of §® and
gf)m that can be related to (8my), and (8ma), by Egs. (35)
and (37), respectively, because any correction is of higher order
in power counting. With these we obtain

1 —¢?

(R )y =

loop — 26 éS(SmN)q,loop ’ (38)

i.e., the tree-level matching formula (35) for g is preserved
at one loop.

3. Low-energy constants and the higher order matching formula

Higher order terms in the chiral Lagrangian must be
introduced to cancel the UV-divergence in the loop corrections
and make the full expression p independent. Apart from the
baryon wave function and F, renormalization that are well
known, for the case of the 6 term CPV source we only need
the O(E*) terms that involve two insertions of Xqi. Such
terms in the pure pionic sector are introduced in Appendix D.
In the nucleon sector we have

£ = PR AT R2]AN + AT R, IN Ry N
+ ANXZ N + fTe[X]_|NN
+ fsTr[ X, INX, N + fsNX; N} +--- . (39)

Details of the O(E*) contribution to F, gjj ) and the
hadron masses are summarized in Appendix E 1. After some
rearrangement we are able to match the final result with Eq. (1)
as

~ 1—¢2_
Frgld = ——0my), (1 + Snc)s (40)
where the relative deviation from the LECs is given by
dmie o 6dmier
L LS WL LSy 3)

Fz

LEC — _(SmN)qFj-[

(41)

I3t}

Throughout this paper, we use the superscript “r” to represent
a renormalized quantity of which the infinite value L + 1 is
subtracted from the corresponding bare quantity following
the Gasser-Leutwyler subtraction scheme [28], i.e., a bare
quantity A and its renormalized value A" are related by
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A = A"+ B(L + 1) where B is a finite number. The absence
of Sl(ggp shows that the LO-matching formula is modified at
higher order but the modification is analytic in the quark
masses (i.e., not logarithmic with respect to pion masses).
This relation has already been studied under the SU(3) version
of ChPT in Ref. [18].

One may perform a quick estimate of the size of 885)C
by using lattice results and dimensional-analysis arguments.
First, for the contribution from L}, we note that it contains a
large prefactor 64 but is also suppressed by the square of the
isospin-breaking parameter ¢. Furthermore, we have L7 ¢ ~
1073 from meson data fits [29]. That gives a contribution
of order 107 to 51(_(20 which is very small. On the other
hand, the impact of f; is less transparent because the sizes
of f3 ¢ are not well determined. Here we estimate their order
of magnitude based on chiral power counting. For instance, one
may compare the contribution of O(p?) (i.e., linear to /) and
O( p4) (i.e., quadratic to 72) contribution to the nucleon mass;
they are proportional to mc; and F_ 3B§n‘12fi, respectively,
as one is able to read off from Eqs. (34) and (39).* Chiral
power-counting suggests that the latter should be suppressed
with respect to the former by a factor of order (m, /27 F, )2
This implies

F 2 Bim? f; ~ (my /27 Fy ) c;m, (42)

whichleadsto f; ~ 3 x 107> for¢; ~ 1. This gives 8 o ~ 0.1
which is a 10% correction to the tree-level matching relation.

B. The dipole-like operators

Next we study the effect of the leading flavor-diagonal
dipole-like operator; namely, the quark cMDM and cEDM.
As discussed in Sec. II, the spurion for this operator is simply
identical to that for the complex quark mass. The Lagrangian
in the quark-gluon level reads

M ~ U)\'a a . J = v A a
L=} 8d)qo" Gla—i ) 8dgGo" s Gl
q=u,d q=u.,d
~ A4
= gSQRO‘MV—GZVXCQL + H.c., 43)

2

where Jé"’ and Jq are the cMDM and cEDM of quark ¢,
respectively. The matrix X, acts as the spurion for cMDM
and cEDM, as described in Sec. II, and is given by

Xo = 3(d)" +ido) + 3(d) +idy)s, (@4

where do(dy") = d,(d)) + du(d)') and d,(d}") = d,(d}) —
dd(dé” ) are the isoscalar and isovector cEDM (cMDM)
respectively.

1. Tree-level matching

The implementation of the spurion X, into the chiral
Lagrangian works exactly in exactly the same way as the

*The factor F;® B is just due to the definition of the coefficients of
the O(p*) counterterms f; so that they are dimensionless.
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complex quark mass. In the pionic sector the only operator
at lowest order is

BESTH[X U + UX]]

~ 272
= 2B8FdM 1——+-~-)
BFydy < F2
capra (1o o)™ (45)
0% 3F2 o’

where S is a dimensionless constant. This operator will again
induce a pion tadpole term that makes the vacuum unstable.
To cancel this term, we have to include the term with an X,
insertion given in Eq. (32) and choose an appropriate value
for the free parameter « to eliminate the my term induced
by Eq. (45). Assuming no 6 term, we obtain a pion mass
shift (Am%)c =8p Fgﬁé” as well as the vacuum alignment
condition

a ~ (—4BFyd)) [(Bom) = —(Am?) di [(m%d").  (46)

The nonzero value of « leads to an interesting consequence;
namely, in order to study the effect of T violation induced
by the cEDM, it is not enough to consider only terms with
X, insertions. One needs to include all the terms with X,
insertions as given in Sec. V A because the quark mass picks
up a complex phase o even without the existence of a 6 term.
Also, « is related but should not be confused with the so-called
“induced 6 term” introduced by Pospelov and Ritz [30]. To
see their relation, we take the complex quark mass matrix X,
defined in Eq. (31) (without € just for simplicity) and expand it
to the first power in «. After plugging in the explicit expression
of o one immediately sees that X, takes the following form:
L 2(am)
Xy=My+i—(1—¢ )Oind—z——zD ()]
2 dO ms
where M is the real quark mass matrix and D= diag(c?u dy)
is the cEDM matrix. The second term in Eq. (47) has the same
form as the second term of Eq. (33) and defines an “induced 6
angle” whose value is given by

Oina = 2(Am2) (do + ed)) [[mi(1 — eDd)'].  (48)

In the presence of a 6 term one needs only to replace ;g by
Bing — @ [see Eq. (33)]. Furthermore, if we assume Peccei—
Quinn mechanism [31] then & simply relaxes to Giq.

We may now construct other PVTV chiral operators
induced by the quark cEDM remembering that they can be
generated by either the X, or X, insertion. It should be
pointed out that the tree-level matching relations we present
below are already well studied by using the chiral SO(4)
formalism [11]. Here we recast the analysis by using the
SU2), x SU(2)g formalism and also generalize it to include
the A resonances to show how the same physics works under
different representations. Also, our method has the advantage
that it can be generalized more easily to the three-flavor case
in order to study the role of the strange quark in the matching
relations. In the nucleon sector the leading CSB operators are

ANXy N+ | Tr[X 4 INN + & FgNX N
+ & F§Tr[X.+INN. (49)
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Following the same logic as in Sec. VA, one finds the
following tree-level matching relations:

( rr) dl

2L m ’
2 a + (8mn)e =37 dM

(Am3),
2

g

Fr39 = —(6my),

di
+ (Amzv)c} pik (50)

0

Frgl) = [—(AmN)q

aswellas g0t = —2g01/3. One observes that 3© depends

on both d() and d; while g(l) depends only on d,. However, if we
take lattice calculations [32,33] that give (Amy), ~ —37MeV
and (8my), ~ 2.26 MeV then we find that g is about 30
times more sensitive to d than g provided that there is no
accidental cancelation between the two terms in g(V.

In the A sector, the most general terms at leading order are

T X T + ST X AT T + &HFTIX T
+ & Fy T X T, T, (51)
which lead to analogous tree-level matching relations:>

(Am )d1

F”gg))ATr = _(SmA)q m2 dM + (8 A)cha
Am2)
Frghny = —{—(Am)q( ;‘)L + (Amy), } —
T 0
= FaZimr. (52)

2. Loop correction

The one-loop corrections to the LHS and RHS of the
tree-level matching relations (50) can be inferred from
Egs. (E8) and (E9) in Appendix E. After some straightforward
rearrangement, one obtains

(Am3). d,

50
S(an:(r ))loop =39 |:_(8mN)‘1m—2dM + (6m N)C N] :|
T loop

dl (Ami)c ’
— @ g g
_ (Am3), d,
S(anj(rl))loop =2 |:_(AmN)q ) + (AmN)c:| W
T loop

+2(am2) & [— Ay ;)

1
X <(7/1 +4y)(L' + 1) — = 41/2), (53)

*One can easily show that ie“m,[T e T — T 7. T"] +
i€eBTIT - 7T = —mo TiT™*
n ut o
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i.e., the one-loop corrections do not obey the tree-level matching relations and the induced mismatch between the LHS and RHS
of the relations are proportional to (Am2),. For the case of I = 0, the tree-level matching is preserved by the loop correction
only in the d; — 0 limit.

3. Low-energy constants and the higher order matching formula

The relevant LECs that are needed to cancel the UV divergences in the loop diagrams are in the O(E 4) Lagrangian and the
O(E?d) terms in the chiral Lagrangian. The former have already been discussed in Sec. V A3 so we shall concentrate on the
latter. In the pionic sector the relevant O(E?d) Lagrangian is

L2FD = 2By FHG T X, Ut + UX!ITr[ X UT + UX[1 + G Th[X,UT — UX]ITe[X.UT — UX{1+ GsTr{U X UTX,
+UXIUXI + FG4TH[3,Ud" UNTH X UT + UX[] + GsTe[9, U9 U(X[U + UTX)]). (54)

In the equation above, the E 2 factor comes either from a factor of X 4 or two derivatives. In particular, the G4 and G5 terms are
required as they cancel divergences of both F, and Z, that receive extra loop corrections due to the generation of (Am?),. In
the nucleon sector, the O(E2d) Lagrangian can be chosen as

L3P = 2Bo{g1 Trl Ry Rer INN + @Trl Xy s INXep N + 3T e INXg i N + gV (X X )N
+gsTr[ X, X.—INN + geTr[X,_ INX._N + g7Tr[X._INX,_N + gsN{X,_,X._}N}. (55)

With all these, one can straightforwardly deduce the modified matching formula for ). While all details are given in
Appendix E 2, the final outcome is

2 p
Frg¥ = —(«SmN)q( 2”)0—1+<5 Nx~ (1+ 80y + 815c)-
my do d

(Amz)

7'[

+ (Amy), ) =5 (L4810, + 8 c)- (56)

0

where the relative corrections {6} due to loop and higher order LECs are given by

2 2 2 5o\ !
my m dmy). do d
59 = —1+1In ( ad ) - —r— Lom)e —~1?/[ 2

P 8n2F? My @my), (Am2) dY d

3gim? 8g2 \ > 1 3m? 2
8(1) — A aNA" Ir _ _g b4 4 1 _ = _ 4
toop =\ Tom(Amu), B2+ (Amy), FZ\'* ~ m2 )~ 16x2(Amy), F3 | A In{ D) o =

-1
m2 " 2 mjo (Ampy),
T [ t+in <m,,) ”(1 " (Amy), (Amg)) ’ o7
and
SLEC { 3(5m )q [fz + f% +4(f5 + f6)] (SmN)q(Am%) dM dl +g4

—@(r-i- r)+§(r+ - 16F,m2d}!
a 87T 8)T3\86 T 88 (Amz)c

b

-
64m : m2  (8my), dy dé”

r r r r 2 d~fu 3d0 r
[(2(; + G 2G4—G5)—§S(W—§dl)(2G2+G )}

4
8](dlpjc = {#[2(1 +82)f1 +2f +1 +52)f3 +4(1 +82)f4 +2(e* — Dfi +201 +82)(f5 +f6)]
Nq

dm_ d;

—[ @(g’+g’+g’+g’+g’+g’)—(g’+g’)— dM(g +g)}
(AmN)q (Amz) dl 1 4 5 6 7 8 5 8 d([)\/[ 1 4
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_LoFumdy! [(26’ L GL-2G, -G — 2
(Amz) 4 3 38
64m m? (Amy),
2L+ L) H - ————¢
F2 e*( )}( (Amy), (Am2).

respectively. The functions {I/} are just the renormalized
version of the loop functions {I;} defined in Appendix C
following the Gasser—Leutwyler subtraction scheme [28].
One may numerically estimate the loop corrections to
the tree-level matching relations by neglecting the unknown
matrix elements (Amy). and (§my).. In the isoscalar channel,
we find that 5103 ~ 0.021 (taking u = 1 GeV for the renor-
malization scale) so one has good convergence. On the other
hand, in the isovector channel we have 61(03 ~ —3.1, which
does not show any sign of convergence. The reason is that
(Amy)y = —37 MeV is much smaller than §5 and m,, so

terms in Eq. (58) such as

n

2
mn)’

[6a/(Ampy),]1n (

n

2
m,,)’

BAAAnmoﬂwA/mnfhl(

2

[mnAAmNynn<ii>

my
may overcome the usual chiral suppression. This implies
that the matching formula for / = 1 cEDM has very limited
practical use. Fortunately, there is a recent study by de Vries
et al. suggesting that the effect of 8100p can be completely
eliminated by reexpressing the tree-level matching relations
(50) in terms of derivative operators [34].

The impact of higher order LECs encoded in SI(jEC can
also be studied following the power-counting argument in
Sec. V A3. To make the discussion tractable, let us assume
dM ~dM, dy ~ d, and take the denominators in 8LEC to be
0(1) The contribution from L! is negligible as we discussed

before. The contribution from f;" to S(LEC is around 0.1, similar

to the case of the 6 term, while its contribution to SI(J%C is
expected to be much smaller because it is divided by (Amy),
instead of (émy),. The new LECs that appeared in Eq. (58)
are {G} and {g/}. The estimate of their sizes involves two
steps: first, the contribution from the O(d) Lagrangians (45)
and (49) to the pion and nucleon masses can be estimated by
using Weinberg’s counting rule [35]. Then, the effects from
{G;} and {g;} are expected to receive a further (m, /27 F, )?
suppression due to chiral power counting. This implies, by
using Eqgs. (E12) and (E13), that

My

~ 16m2 Frd" G ~ (—

2 F,
<2nF )

(Ami):ct

QrF,)*dM
4 ’
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(58)
[
~ my
(AmN)z,ct N4midlMglr ~ <2 F ) (AmN)c
2 23M
. 2 Fp)°d:
(m (2n Fr)"d; ’ (59)
2n F, 4

which gives G} ~0.03 and g/ ~ 0.02. Applying them to
Eq. (58), we find that the contributions from g; to S(LEC is
around 0.2 and all other effects are of order 10~2. Hence
the only potentially large LEC corrections to the tree—level
matching relations are the f; and g/ correction to .
Finally, we mention briefly the quark MDM and EDM
operator gro*’qr F,,. Although its form is analogous to that
of the quark cMDM or cEDM, it involves an interaction with
photon that in turn introduces another CSB quantity; namely,
the quark charge matrix. As a consequence, the chiral structure
of the resulting hadronic operators is much more complicated.
Interested readers are referred to Ref. [11] for more discussion.

C. Left-right four-quark

The last type of chirally noninvariant operator that contains
both PCTC and PVTV components simultaneously is the
LR4Q operator. The form of its corresponding spurion is
already explained in Sec. II so we shall go straight to its
application.

1. Tree-level matching

In the pionic sector, the only LO operator we can write
down is

L= pF()6(C4qTr[UTXRL]Tr[UXLR]

+ i, THU T X] R ITHU X, D, (60)
where Xgr = (1 4+ 13)/2, X g = (1 — 13)/2 are the LR4Q
spurion matrices defined after Eq. (13), ¢4, is the complex
Wilson coefficient of the LR4Q operator and p is a real
dimensionless number. Again, this Lagrangian induces a pion
tadpole term that must be removed by including the term with
an X, insertion and choosing the appropriate value of the free
parameter «. This imposes the vacuum alignment condition
o~ —8pFéImC4q/(Boer) = —16,0F5‘Im64q/m%. Therefore,
to study the T-odd effect from the LR4Q operator, we need
to also include the contribution from X, with the value of o
chosen above. With these, the relevant quantities one could
extract from Eq. (60) are

640 F Recy
2 0 q
(Amﬂ)4q = f’
16p FiRecy 1
2\ _ 0 g _ )
(Smn)4q - 3 = _Z(Amﬂ)4q’
3(Am )4 ImC4
g,(#:ln = —16pF()21mc4q = _TqRe C4q' 61)
q
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There are several differences compared with the case of quark bilinears. First, there exists an / = 2 pion mass term (recall
its definition in Sec. III B) because the spurion for the LR4Q contains all / = 0,1,2 components while the spurions for quark
bilinears only have / = 0 and I = 1 pieces. Second, we find a nonvanishing PVTV three-pion coupling g!) . In the case of the
quark bilinears, the dipole operators and complex quark mass have the same spurion structure. Consequently, if one chooses the
parameter o such that the tadpole contributions from the complex quark mass and dipole operators cancel (vacuum alignment),
the corresponding contributions to g'!) also cancel. In contrast, the spurion structure for the LR4Q operator differs from that

for the complex quark mass, so the three-pion term is not eliminated together with the pion tadpole.
In the nucleon sector, the leading operators are®

ANK 4N + ¢\ Tl X INN + & Fi{eag TrlU X g ) TH[U X L] + ¢, Tr[UTX] 1T [U X5, TN N. (62)
Again, following the same logic as in Sec. V A 1, they lead to the following tree-level matching relations [14,36-38]:
2
F.59 = _3(Amﬂ)4q my) Im C4q
e 4m?2 ‘Rec
3(Am2) Imc
Frgd = | ————2"(A 4(A o 63
gn [ Zm% ( mN)q + ( mN)4q Re C4q ( )

as well as gy, = —22 and

Am3) 32 I

_(1) ( )4 m cy,

Fr8ynsn = |:m—2q(AmN)q - ?(AmN)m{ Re 642-
m

In particular, one observes that, before considering the vacuum alignment, the only PVTV N N7 operator is V. Including the
vacuum alignment contribution gives

g0 /80| . = Gmy), /2 Amy),. (64)

Taking the lattice inputs for (Amy), and (my), gives g% /g’ ~ —0.03, i.e., the I = 1 component is the dominant piece as
long as there is no accidental cancellation between the direct and vacuum alignment contribution to g'V. This is consistent with
observations in Refs. [14,37]. This is because the / = 0,2 components of the LR4Q operator is PCTC while the / = 1 component
is PVTV (see the discussion in Sec. II B 5). Finally, in the A sector the leading operators are

Ti X T + ST Ry T T + & Fo {cag THU X pe ITH[U X 1g) + ¢, THU X ] (ITHU X b 3T T, (65)
which lead to the following tree-level matching:
2
F O _ 3(Amn)4q ImC4q
78aAr = _T A)qR
3(Aam3) Imc
(L 4q 49 . -(12)
Fa8ann = [T(Amﬂq - 4(AmA)4q:|FC4q = Fr8pnr- (66)

2. Loop correction

The one-loop corrections to the LHS and RHS of the tree-level matching relations (63) can be inferred from Eqgs. (E15) and
(E16) in Appendix E. After straightforward rearrangement on obtains

3(Am2) 3(Am2) I 5
_(0) o . 4q w/aq mC4q ’ 2
5(Frgl )loop—ﬁ[ e I eyl T (L + 4>,

loop

2

Imcy 3 (Amn)4 3 Imcy, [(Amy) 5
8(Frglh —L§| —=(Amy),———L + 4(A ~(am? 1 — L+ =
( 87 )loop ReC4q 2( mN)q m% + ( mN)4q 1 + 2( mn)4qReC4q 27T2F7$ + 2

oop
3¢3 Iy 282 na Iy omz (Am> )4q Imc4q n 1
_4[F w2 ) T Tz )| TR Req, |V TP DT A
T T /g b/ T
(67)

®One can show that other structures such as ¢4, Tr[U X g INuXguN + chTr[UTXIR]I\_qu;,LuN + H.c. are not independent from the &
structure we just wrote down.
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Again, one clearly sees that the tree-level matching relations (63) are not obeyed by one-loop corrections. Analogous to the
case of dipole operators, the mismatch between the LHS and RHS of the matching relations is proportional to (Am2 )4, .

3. Low-energy constants and the higher order matching formula
The O(E 26‘4q) terms in pion and nucleon sector can be chosen as
O(E?
L£OE @) 2By FH{K(caqTe[ X} X p ITI[U X 1] + chTr[X;XzR]Tr[UX}L]) + Ko Tr[U X, 1(cag Tr[UT X g 1Te[U X £ ]
+ ¢, THUTX] R ITrU X, D) + F2{K3c4Tr{8, U X g, ITH{8" U X 14
+ K4cay Tr[8, Ud* U Tr[UT X g 1Tt[U X 1]} + Hec., (68)

L3 = 2By Py (cag TrIX) X o JTHU X 1+ €, THX] XL ITHU X, DNN + haT{U X, Weag THU X g ITHU X 1]
+¢3, U TX] R ITHU X b DN N + ha(cag TeLX] X p INuX pguN + ¢, T XS X pINuX}, uN)
+ha(cag TrlUT X g, UT X INuX pguN + ¢, U X} qUT X INuX p uN)
+hs(eag TrlUT X p IN (! X gut u X qu) N + ¢, TrlUT X (1N (! X qut uXF u} N} + He., (69)

respectively. One can thus straightforwardly deduce the matching formula for g precise to O(E?c4,). With details provided in
Appendix E 3, the final result turns out to be

3 (Am2), Imc,
" . g © <O
Fagy) = =7 —— (‘SmN)qF%(l + By 1)
3(Am2) I
. )i m cy, M L s
Frg, = [_W(Aml\/)z] +HAmN)ag | oo C4q (1 + Bjoqp + BLeC)- (&

with

m> 1 u 2
O _ b3
Bloop = 272FR2 |:Z +1n <_mﬂ) :|
T

3gim3 8g2\ \m> I; 3m* w1
8(1) — A aNATw e 8\ O%m 4 1 adl 1y —4
toor =\ T6m(Amn)y F2 + (Ama), F2Z\* ~ m2 )~ 16n?(Amy), F3 i+dyn| 2= ) = sn —dr

-1
2 [ 2 8 m: (A
_omy 1 I (i) L8 m: (Ampy )y, ’ 1)
272F2| 4 M 3(Amy), (Am2),,
as well as
4mi e 16F,m*Recy e
) T r r r r T 4q r r r
= + f3 +4 + — 3h%s + 5hl, — 2h
LEC 3F3(8mN)q [fZ f3 (fS f6)] 9(6mN)q(Am%)4q[ 3 4 5]
16F2m2Re Caq 64m?
—— X I (K| + 6K} + K} — 6K}) — —%&* (2L + Ly),
3(Am721)4q i

s — m—i[z(l + T2 (L + DI +4(0 + Dl + 2> — D!
LEC F;(AmN)q 1 2 3 4 5

8 F,,mj‘rRe Caq

3 (amy),(Am2),,

200+ (L + f)] + (2] + kY — h} 4 2h5)

16 Fﬁm%Re Ciq

—1
64m? 8 2 Am
(KT + 6K} + K} — 6K}) — —=22(2L), + Lg)} [1 UE N)“"} . (72

3 (Am%)4q F? 3(Amy), (Am%)4q
Similarly, we may estimate the magnitude of the loop correction to the tree-level matching relations. Upon neglecting
the unknown matrix elements (Amy)s, and (§my)s,, we have nggp = —0.12 and Sf;())p = —3.2, respectively, which implies a

moderate convergence in the isoscalar channel and the nonconvergence in the isovector channel; the g’ matching formula for

LR4Q is therefore not useful in practice. Meanwhile, the magnitudes of the LEC corrections (Sl(féc can be estimated following
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the procedure outlined at the end of Sec. V B 3. The contributions from f;" and L/ are similar to the case of cEDM, while for
the new LEC:s labeled as {K]} and {h]}, we estimate their sizes again by using the Weinberg counting rule. Equations (E19) and

(E20) then give

2\" 2 2
(Amﬂ)%w ~ 16m; F Recy K| ~ <

(Amp)y, o ~ 4m?% FyRe cyyh! ~ (2

leading to K} ~ 0.02 and i} ~ 0.01. With these, we find that

the A contribution to 58:1: is around 0.08 while all other
contributions are of the order 10~2. Hence the conclusion we
may draw here is again similar to the case of cEDM.

D. The (LR)(LR) operators

Finally, let us discuss the last class of four-quark operators
that could be T odd; namely, the (LR)(LR)-type operators
we introduced in Sec. I B 4. Since they are chirally invariant
their “spurion” is nothing but a complex number a. Therefore,
when their effects are implemented into the chiral Lagrangian,
terms proportional to a and a* can in principle both appear with
independent coefficients [e.g., via terms like («ja + aza*)é +
H.c. where o and «, are unrelated coefficients] so there is
no definite matching formula between the PCTC and PVTV
observables. Similar considerations apply for other chirally
invariant operators, such as the Weinberg three-gluon operator.
Therefore, we focus only on the chirally noninvariant operators
in this paper.

VI. CONCLUSION

The computation of hadronic matrix elements induced by
effective quark-gluon operators that are relevant for tests of
fundamental symmetries is a nontrivial task. Among them, the
PVTV pion-nucleon couplings g\ that contribute to nucleon
and atomic EDMs are of particular interest in this paper.
These operators can be induced by PVTV effective operators
that are either chirally invariant nor noninvariant. The latter
class is interesting theoretically because the PCTC and PVTV
components of the CSB operator can be grouped into a
single spurion field that enters the effective chiral Lagrangian.
Consequently, there exist matching relations between the g
induced by the spurion field and various PCTC and CSB
observables, such as the pion mass and the nucleon mass shifts
that are induced by the same spurion field. These relationships
are analogous to the relationships between matrix elements
of different components of a vector due to the Wigner—Eckart
theorem. The relations between PVTV and PCTC hadronic
matrix elements are extremely useful because one could use
studies of the PCTC hadronic observables (say, through lattice)
to obtain their PVTV counterparts.

A caveat to the use of this formalism is that the matching
formulas are derived at tree level and may receive non-
negligible higher order corrections from loop diagrams and/or
higher order terms in the chiral Lagrangian. To study the higher
order effects, we have performed a general classification of

My

S me \*Q2uFy)*Recy,
(Amﬂ)4q ~ 5 ,
2n F, (4m)

2 2 3
> (Amp)y, ~< " ) @rfn) Recw (73)

27 Fy (4m)?

(

relevant operators that could generate loop corrections to g\
and CSB observables, and we have calculated the most general
loop corrections to those quantities. We then applied this
general formalism to study the loop corrections to the matching
formulas induced by all relevant effective operators (of the
lightest generation) up to dimension six. In general, we found
that the matching relations for g are relatively stable because
the loop corrections lead to at most O (10%) modifications. On
the other hand, the robustness of the g’ matching formulas is
more complicated because the corrections depend strongly on
the ratio F; (AmN)@/(Ami)@. We also find that the inclusion
of A resonances in the loop diagrams does not spoil the
matching relation of §® but does affect the g("-matching
significantly. For the impact of higher order terms in the chiral
Lagrangian, we find that the largest effects arise from the
corresponding LECs in the nucleon sector, which may give
rise to a 10%—-20% modification of the matching relation for
g9, Contributions from the LECs in the pion sector are in
general not much larger than 1%.
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APPENDIX A: CHIRAL BUILDING BLOCKS
IN SUQ2);, x SU2)r

Here we summarize the building blocks of SU(2)p x
SU(2)r ChPT that are required to construct a chirally invariant
Lagrangian and implement the effect of chiral symmetry
breaking. For most of the notations and conventions we
follow the pedagogical article by Scherer [39]. For the
pion-decay constant we take F, = 186 MeV following the
convention of Ref. [16]. Although this is not the standard
convention in the literature using SU(2), x SU(2)r ChPT, it
allows us to compare our results more easily with previous
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work on the study of g, which mostly adopt the SO(4)
representation:

(1) U =exp{i 2”“T“} transforms as U — VRUVJr under
SUQ). x SU(Z)R

(2) u = +/U transforms as u — VzuK' = K uV' where
K = K(Vg,V.,U) is a unitary matrix. It reduces to
isospin transformation matrix when Vg = V.

(3) The SU(2) nucleon field: N = (p n)” transforms as
N — KN.

(4) The chiral axial vectoru,, = i uT(Z)MU yu is a Hermitian
and traceless operator. It transforms as u,, — Ku, K.

(5) The A-resonance field T/j transforms as T;i —

KUK T, where

. S 1 - .
R = 5’f+elfk9§+F(nleg —l6})+0©* 7?),

0
(AD)

satisfying K"/ K'/" = 81", For SU(2)y, the matrix K%/
simply reduces to the transformation matrix of an
isospin trlplet Also, in order to eliminate the spm—— and

1sosp1n-§ components, T/i is subject to the following
constraints:

YT, =0,

Tl T/i =0. (A2)

In particular, the first relation, combining with the
(relativistic) free-field EOM (ig —ma)T, =0, gives
9, T'" = 0 that reduces to v*7,, = 0 in the HBChPT
formalism. In terms of the physical A fields, 7, can be
expressed as

++ _ 1 A0

T! = 1<A ﬂA)
L dA+ A
V2 HAT=A .,

. ++ 4 L A0
T2=’_<A +ﬁA)

LA+ 4 A-
AT+ A

5 2 (AT
T =~3 ho) -
i

Details of the inclusion of A resonance in ChPT can
be found in Ref. [22].

(A3)

J
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(6) a)L = %Tr[tiuﬂ] is a Hermitian operator that trans-
forms as o), > K'wj,.

APPENDIX B: RELEVANT CHIRALLY
INVARIANT LAGRANGIAN

Here we write down the PCTC, chirally invariant La-
grangian involving pion, nucleon, and A-resonance fields
that is relevant to our work, expanded to O(E?) in
ChPT using the SU(Q2);, x SU(2)r formalism. It is given
by [22,39,40]

F2 _ _
£ = T3,U9 U+ Niv- DN + gaNu, S'N

+ Fy 'Niyi(v - u)* + you - ulN
—TM[IU D — 81T,
+g7rNA[Ti wuN +Na)#T,-”] 4+ (B1)

where D, and Dj] are the chiral covariant derivatives
on the nucleon and A, respectively, while the A-N
mass splitting is given by 8, =ma —my. In the ab-
sence of external fields, we have D, =9, + %{uT,E)Mu} and
Dy = 87D, — L Tr[t*{u’,d,u}]. The value of the A-
nucleon-pion coupling constant is given by g,ya =~ 1.05
according to Ref. [22]. Fitting to scattering observables
yields [39]

i~ 0.621, A~ —0.984. (B2)

Also, we have dropped the terms that are not needed in our
work, e.g., coupling term of the form N[S*, S"lu,u, N as well
as the A A interaction terms.

The free propagators of pion, nucleon, and A resonance are

i

D, (k)= ————,
iDx (k) kz—miqo—i—ie
i
i Syk) = ———, B3
iSn(k) = e (B3)
. ii —i
iDA(K)], = —————— PIE]),.

vV-k—08p+ie M

respectively, where

4
PS\/}2 = gMV — U//.vv + ﬁsusv,
2 i
g = S8 — gVt (B4)

are the projection operators for spin-% and isospin-%,
tively.

respec-

APPENDIX C: LOOP INTEGRAL FUNCTIONS

Here we define several loop integral functions {/;} that always appear when one calculates loop diagrams given in Figs. 1

and 2:

aa [A i

S
Il
=

Qry” v l+ie—v-l+ie

-l
1?—mk+ie

i 3m2 1
L s Cl1
: 64712< +3) 1)
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TABLE III. Numerical values of the renormalized loop functions with © = 1 GeV.

I I I I I I I
303 MeV? 5.66 MeV 2.08 MeV 2590 MeV? —486 MeV? 27000 MeV? —273000 MeV?
dil —i i i
Ib = /,L4_d

P
Qn) —v I —6a+ic PP _m2 ticl> —m? +ie

6A 8A+ 82 m2
= Ay 8— 8o —2/82 —m2ln—+ =" (C2)

8n?
ddl . . . 3 .
=t [ s s (€3)
Qm)d" —v-l+ie P—m24iel>—m+ie 64m
aa [ A —i op —i 5 i

I, = P P
=R o Ty T — s e P T T sa vie PP 2 1 e

1 ;82 s Sa+y/84 —m]
= g3 (288 —mo) L'+ 55— o8 —mp In —— —— (C4)

812

_ ,,4—d ddl i 71 ’ 1
=it | = e D ()
Lozt [ g ! _ My (C6)
PR ) o T tie) P—mtie  32m

4] i i

I, =in*™ PEYL

g = Q)" —v -l =8y +ie V2 —m2 +ie

5a+ /8 —m?
255 (6m2 — 562) + 12(82 — m2) P — V2T | (C7)

L G A
= — —m
1272 AT g 7272 My

with the divergent quantity L’ defined in Eq. (24).
In Table III we give the numerical values of the renormalized loop functions I where the divergent quantity L + 1 is subtracted
and the renormalization scale u is taken to be 1 GeV.

APPENDIX D: RELEVANT ONE-LOOP CORRECTIONS IN ORDINARY CHIRAL PERTURBATION THEORY

Here we summarize some important results for ordinary ChPT at one loop that are necessary in our work. First we introduce
the relevant O(E?) and O(E*) Lagrangian that are crucial in the cancellation of one-loop UV divergence. They are [28,41]

By
EO(E3) (2 F )2 B()TI'[Xq+]NlU DN + -
Lo(ery = 2BoL4Tr[8,U0"UTITe[ X, U" + UX} ]+ 2By LsTr[0, U0" UU' X, + X} U)]
+4BiLeTr[X, U + UX! 1P + 4BJ L1 Tr( X, U — UX| P + 4B LsTi[UX | UX| + U'X,UTX,]+--- . (D)

The loop and LEC corrections to Zy and Z,; are given by

902m2 [ 2 3A+\/8 —mZ 2B m?
Zy—1=—340x [—- +1In (i) } L [(252 —m2)L' + 282 — 485,/62 — m2 In ] 205
T

1672F2| 3 . T2F? T2F2

m> 16m2 4 16m2
Zy—1=——"Z—(L"+1)— TQRLy+ Ls) = =—1, — 2L4+ L D2
vV 12n2F7$( +1) 2 (2Ls + Ls) 3R P —(2L4 + Ls). (D2)

It is worth pointing out that the wave function renormalization of the nucleon field Zy is finite because its infinity is absorbed
by the LEC B,j. Meanwhile, the wave function renormalization of the pion field Z, remains infinite because the LEC 2L4 + L5
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is not used to subtract the infinity in Z,. This is not an issue because Z, is not a physical observable. On the other hand, the
pion-decay constant F; is a physical observable; therefore, its renormalization must be finite. The same combination of LECs
2L4 + Ls is used to subtract the divergence entering F;, instead of Z. It gives

2 16m2 4 o 16m: | .
F, = Fy| 1+ o 2F2(L D+ > QLs+ Ls) | = Fy| 1 — ﬁle + 72 (2L + LY) |- (D3)
Also, the one-loop correction to the squared charged-pion mass is useful:
2 32
m2=m |1+ =17 — e P (on + L — 4L, —2L%) |. (D4)
F2 F2

Finally, since the LEC By, is only used for Zy and not other quantities (as far as this work is concerned), we will not
distinguish the loop and LEC contribution to Zy in the main text. Rather, Zy is simply taken as a finite quantity.

APPENDIX E: SOME IMPORTANT DETAILS IN SEC. V

Here we collect some important intermediate results—including loop corrections, LEC corrections and implications of higher
order vacuum alignment—that are crucial in order to derive the main conclusions in Sec. V yet are too long to be put in the main
text.

1. 0 term

First we consider the one-loop renormalization to F, . Equation (23) together with Sec. V A 1 gives

2 4g 4082 v AZA»
8(Fr8%)100p = [(zN—Dg(‘” (—ﬁlmL F;‘1>g“’> #M”Id. (E1)

Similarly, the nucleon sigma term and mass splitting (recall their definitions in Sec. III B) also receive loop corrections from

the CSB operators we wrote down in Sec. V A 1. With the identification (gg\(,);VM)q = —2(Amp),/ Fy, (gx}\l,jm)q =0, and

(gﬁ\}}\i)'[ﬂ)q = _(amN)q/Fr[, we Obtain

12¢3 6 8g2ya(Amy)
S(AMN)g 1oop = (Zy = D(Amy), — (%1 + gl >(AmN)q —
12¢3 8g2 3m?* 1
+ F‘g;‘ Iy + g;’zv A, — Tor2 F3 |:(V1 +4y)( L'+ 1)+ = yl] (E2)
2 4 Ogn (SmA)
5(5mN)q,1oop =(Zy— 1)(5mN)q + (__213 + g; 1 )(SmN)q — #Id_ (E3)
F2 F2 9F2

Here we include loop corrections for both (Amy), and (8my), even though the tree-level matching relation only involves the
latter in the case of the 6 term, because the former will appear in the matching relations induced by cEDM and LR4Q.

Next we consider the consequences of the introduction of the O(E*) Lagrangian. First, the O(E*) Lagrangian in the pion
sector defined in Eq. (D1) leads to a modification of the vacuum-alignment condition:
€0 |: 64m

o =——

2

e 2Ly + Lé)]a (E4)

where L] are the renormalized O(E 4) LECs in the pion sector. This gives rise to an extra O (E 4) contribution to g(’)

32(8my)gm2e(l — £2)(2L5 + L)

7)) — s 7 8/ — s(50)"
8(877 )v - F3 0= a(gﬂ )v’
64(Ampy),m2e(l — 82)(2L’ + L’) _
1 9" 7 8 ~()\"
3(gy)), = - 73 0 =5(z7), (E5)
The subscript “v” denotes the contribution from higher order vacuum alignment.

In the nucleon sector, the O(E*) Lagrangian (39) provides LEC contributions to the nucleon sigma term and mass splitting:

S(AMN)y o = %[20 +fi+ 2+ 0+

4 4
88N = == (o + ). (E6)
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The subscript “ct” denotes direct contributions from higher order LECs (which also play the role of counterterms, hence the
naming of the subscript). Meanwhile, the LEC contributions for g\’ are given by

2= DA+ i S+ f)my

S(ra), = L 4
2 —1)(2 2 2 _
5(Frgl) = e(e® = D(2f] +f3;‘3 Ti 211+ f§)my g E7)
g

Note that the LECs for F;, and +/Z, — 1 will always cancel each other so they never appear in 6(F; g}," Ner (see Appendix D).

2. Dipole-operators
First, the one-loop renormalization to F, g% is

_ 4¢3, 2 4082 a8 A
a(F,,g;W)loop: Fy [( =4, ——1)g<°> —2INASRAT 1+ (Zy — DEY |,

F2 F?2 9F2
_ 1265 6\ 1), 882vaBhar
8(Fr8y) 1pop = Fr [—( F;*I + le) g+ ST 4 (Zy — 13 |. (ES)
T

Meanwhile, with (g\2), = (Am2)./6F2, (8 Whrr)e = —2(AmN)e/ Fr, (84nnr)e = 0, and (g4 e = —(8my )./ Fx (recall
their definitions in Sec. III B), the one-loop renormalization to hadron mass parameters is

8(AMN)c1oop = (Zy — D)(Amy), — (AmN)C(F%Ie + 1?}‘ 1a> - %ﬁm&ld
12gi§émi)c : SgiNAézAmE,)c - 3m; (i’:j) ot (L5 1) 2
8GMN)c100p = (Zy — D(Emy), + < ;7, L+ 4;5? ,a) ), — 40g,2,%?(;m)c L
8(AMZ). oy = —%(U + %) E9)

Next we consider the consequences of the introduction of O(E?d) LECs. First, O(E?d) terms in the pion sector (54), together
with the O(E*) pion Lagrangian, modify the vacuum-alignment formula as
(Am2). . dy  64(Am2) d
c,0 ¢1 kg 1
o=——— 0 — (2L + LY) + 7 (2L + L) | =
(m721)0 dy! F7 aM
Note that the divergent pieces of the LECs cancel each other, leaving « finite. This leads to extra vacuum-alignment contributions
to g:

— 16F,[(2G} + G4)d) — £(2G4 + G5)do]-  (E10)

64(8mp), (Am?> d - -
5(z), = Nqu ) [(2Lg + Ly) +&*(2L5 + L) ] dnl4 16(6my),[(2G] + G5)di — (2G4 G5)d |
b4 0
=5(2).,
128(A Am32). d - ) -
8(g), = ( mﬁ"( "), [(2Lg + LY) + &*(2L} + L )]dzf4 32(Amy),[(2G] + G%)d, — £(2G5 + G%)do |
b4 0
=8(g").. (E11)

Equation (54) also provides LEC contributions for the / = 0 and / = 2 pion mass shift:

2
s(am), ., = 33—2m3,Fﬂ [32G: + G3)d}' — £(2G5 + G4)d\"] — 16d)' m% F-(2G4 + Gs) — 3?";" (L4 + Ls)(Am2) .
2 32 2 r r\jmM
5(dm2). ., = ?m”Fﬂa(ZGz + G4)d}". (E12)

Note that there is no loop contribution to (8mi)c so the corresponding LECs must be finite; therefore, 2G, + G3 = 2G; + G5.
Also notice that terms like 2L4 + Ls and 2G4 4+ G5 come from the wave-function renormalization.
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In the nucleon sector, the introduction of the O(E?d) Lagrangian gives the following consequences: First, it modifies the
cMDM-induced nucleon mass shifts:

S(AMN) o = 4m2 [ (d) — ed") (8] + g4) + dy' (82 + g3)].
8(Bmy)e = 8mz[(g2 + ga)d! — (g5 + g4)dy' |- (E13)

Also, combining with the O(E*) LECs and the leading-order vacuum alignment, we obtain the LEC contributions for g®:

8(Fg?),, = I“A?# Lil [+ i+ 5+ ]+ %[3@(& +ga+gh+g8) —edi(gh +gs + g6+ &),
8(Frg),, = —%5@ R+ fi+2h+U+)fs+20+)fu+E = Dfs

+ (I + (5 + f5)] +8my[di (8] + 82+ 83 + 84 + 85 + 85) — edo(g] + g4 + &5 + & + &7 + &) ]
8(Frgy), = % d il + S+ S5+ f5] - 3 (85 + 85+ 8 + 85)- E14)

3. Left-right four-quark

First, the one-loop renormalization to F, g% is

50)

_ 4g; 2 N0 40giynE
S(an:(r()))loop = F |:< F? Ia - ﬁb)g;(?) - ﬂgFAz A4r I + (ZN - 1)g(0)
b T

12 8 8g2 gD 40 80
3(an£rl))loop = F, |:< gA sy g ) —7<11) + 8xna8aix I, ( gAI + gnNAI >g(1)

F2 3F2 F2 F, 3F, 8.4
2
ngz)\@ ISmH(Am )4q Imcy,
T, — 4L +1) =2 Zy — g |. El5
TR 167FF  Recy [(J/ +Ap)L' + 1) = 2]+ (Zy — DE; (E15)
Meanwhile, for LR4Q-induced hadron mass parameters, with the identification that (gg\(,)?\,m)th = —16(Amy)aq/3F7%,

(g(o))4q = 2(Am?2)4,/3F2, and (g(z))M7 = 2(6m? )4,/ F? at tree level, we obtain

1265 16,

I+ — SgﬂNA(AmA)4q I
F2 F2

S(AmN)4q,100p =(Zn— 1)(AmN)4q - ( F2

>(AmN)4q

3m? (Am )4
W;q[(yl +4y) (L' + 1) = 2],

123A 8gnNA 2
+( 72 I+ =72+ 2 Iy ) (Am3),, —

S(Am )4 % 4
8(Am )4q loop TF-Z(L/‘i‘g)’

) 3(5m§)4qu{ )
8(8”’1”)4%10013 = W L + 5 . (E16)
b4

Next, we consider consequences of the introduction of O(E 2(,‘4q) LECs. First, O(E 2C4(1) terms in the pion sector (68), together
with the O(E*) pion Lagrangian, modify the vacuum-alignment condition as

3(Am2) s oImey,  AB(AML)y g Ime
o= _Z (m%)() Re Ciq + F7$ [(2L6 + L8) te (2L7 + LS)]RC Ciq
. o 15(am3), Imey
—16FIm e, (KT +4K3) + — o oo L D (E17)
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Unlike the case of the 6 term and cEDM, the angle « here is UV divergent. It does not cause any problem though since « itself
is not a physical observable. The modified vacuum-alignment condition leads to extra contributions for g and g(V:

48(6my) Am?T I
5(g;°>)u = ;E )4‘1 [@Le + Lg) + &2 (2L + Ly)] R”el 2‘1
g q

— 16(8mn )y FeIm cag (K + 4K>)

15(Am3),, (8my)g Im ey, o+

= §(30Y
(grr )v T 3271'2F2 Re cyy D,

96(Amy),(Am3), Imc;
8(z), = = L[(2L¢ + Lg) + €*(2L} + L) ] e c4q — 32(Amy), FrImcsg(Ky + 4K>)
T q
15(Am3), (Amy), Im e
) 4q
=530 + 16”2F3 Reca, (L+1), (E18)

which are also UV divergent. This should not bother us because these divergences, together with the divergences from the
one-loop corrections to F g%, will be canceled by the O(E?c4,) LECs, as we discuss later.
Finally, Eq. (68) also contributes to the pion mass shifts:

32m 5 1 , 16, ,
5(Am3),, ., = (Am3),, — 16F;Recyy ( 2Ks — 3K Jmz + = Fim;Re ey, (3K1 + 22K2),
32m2 16 64
3(0m2) 4y e = — QL+ Ls)(sm3),, — ?FjRe cagKsm2 — ?FﬁmiRe cag Ko (E19)

g

The introduction of O(E 204,1) LECs in nucleon sector contributes to the LR4Q-induced nucleon mass shifts:
S(AMN)4g 1 = 2FzmiRe cag[2hy + 4hy + h3 + hy + 2hs],
3(dmn)ag o = 48Fﬂm§Re Caglhs + hy — 2hs]. (E20)
Next, combining with the O(E*) LECs and the leading-order vacuum alignment, we obtain the LEC contributions for gw:

4(Am )4qm € Im cyy 4F, ImC4qm £

8(Fr8y),, = 3 [f + A+ A+ ]+ [3h3 + Shy — 2hs],
F3 Rec 3
5(1) 3(Am%)4qm’27 Im cyy 2 2 2 2 N r
8(Frgl),, =— = Recs A+ fi+2h+A+e)fs+2(0+)fa+ (= Dfs+ A+ (L + )]
T q
+4F,Im cyym>[2hy + 8ha + h3 + 3hy + 2hs],
(Am ) m?2 7€ Ime 8F, Imcs,m2e
S(Feg?) = o Ll hE SR T [y — ). (E21)
T

As we noticed before, one may choose the values of the combinations 3h3 + 5hy — 2hs, 2hy + 8hy + hz + 3h4 + 2hs, and
h4 — hs to subtract out the UV-divergences from §(F, gj;>)loop + F,,(S(g,(;))v together with the residual UV divergences coming
from the LECs f; in §(Fj g}?)a. Details of such subtractions are given in Table IV.

APPENDIX F: DIVERGENCE SUBTRACTION AND RENORMALIZED LOW-ENERGY CONSTANTS

In this section we summarize the divergence subtractions by the counter terms. Following the Gasser—Leutwyler subtraction
scheme, the relation between the bare and renormalized LEC is given by

. B
A=A"+ =L+, (F1)
T

where A is the bare LEC, A" is the renormalized LEC, and B is a finite quantity. Also, since any physical result must be p©
independent, the renormalized LEC A" must be © dependent in the following way:

, B (u)’
A(p)y=A" (W) + — In <—) ; (F2)
m I

in order to cancel the u dependence in the divergent loop integral.
The values of the finite quantity B for different combinations of LECs are summarized in Table IV.
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TABLE IV. Infinity subtraction by the LECs.

A B
2L4+ Ls -,
3
2L¢ + Lg 512
2L, + Lg 0
9ﬂ2gi ”ZgzerA ’”%*232
By 2t T
2fi+ f3.2fa+ fs. fs + fo 0
Fr(c1+2¢)) 1983 3 Fr g2y a(C2H2¢h) 283 —m2 Frg2yada 283 —3m2 3(y1 +49n)
f2 (Y - §) + 2By m% + 6m72t mjz.r + 32
2 2 2 2
_Frep (383 4 1 SFrgynac2 254 —my
L+ /i (e + ) T e 2
3
2G, + Gs _£
2G> + G; 0
2G4 + Gs _g
81+ 84,83+ 84 0
85+ 86,87+ &s
a2 (9% 3 Sana(@2+28)) 263 —m? ZgrtNAﬂFﬂsA 381 +4y2)
8+ &3 G -9+ 3 mI mZ 73
¢ 3g2 1 5g2 ) 262 —m2
_a (38 41 387naC2 265 —my
82+ & (e +g) + mZ
_ 2FzBei (383 | 1 10F7 g2 y A B2 283 —m3
86 1 88 By (& +35)+ 9B, L
Fr(ci42¢) (9% 3 Fug2 yp(cat2ch) 283 —m?2
2fs— fs —" 5 (e =) - 25, 2
L Frganada #3-3mz 3144y
_@(85 +8s) - 6,,22? Am% - 116
_1 _2
2K4 3 K3 3
K3 —2
11p
3K, + 22K, —le
Kz _g
= 982 2 = 262 —m? 32g2 P F.8
2y + &ha o+ hs + ha o+ 2hs a(5¢ — 1)+ ganal T T s tAen +4y)
hy + hy — 2hs 0
32F 3g2 40an pc 282 —m2
Shs + 5y =20 - it

2fa— fs
—ﬁ(Zhl + 8hy + h3

+3hy + 2hs)

hy — hs

l)(’%Fn(CH»Z(l) chl)
_M(ZSZ ) (Anleat )

6 Bo + 4p)

2
mz

_FﬂgerA‘SA 43 -1mk  y4ay
6m2 m2 2

20F g2y A pC2 26X —m2

2
4Fzper (384 4 1) _
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