-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by University of Groningen

w7 university of a/’%
% groningen ’i’f’

University Medical Center Groningen

University of Groningen

The time-reversal- and parity-violating nuclear potential in chiral effective theory
Maekawa, C. M.; Mereghetti, E.; de Vries, J.; van Kolck, U.

Published in:
Nuclear Physics A

DOI:
10.1016/j.nuclphysa.2011.09.020

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2011

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Maekawa, C. M., Mereghetti, E., de Vries, J., & van Kolck, U. (2011). The time-reversal- and parity-violating
nuclear potential in chiral effective theory. Nuclear Physics A, 872(1), 117-160.
https://doi.org/10.1016/j.nuclphysa.2011.09.020

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 12-11-2019


https://core.ac.uk/display/232415936?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1016/j.nuclphysa.2011.09.020
https://www.rug.nl/research/portal/en/publications/the-timereversal-and-parityviolating-nuclear-potential-in-chiral-effective-theory(fb614f51-2b77-4e5f-9aa4-89ebc9701a7c).html

arXiv:1106.6119v1 [nucl-th] 30 Jun 2011

The Time-Reversal- and Parity-Violating Nuclear Potential
in Chiral Effective Theory

C.M. Maekawa', E. Mereghetti?, J. de Vries?, and U. van Kolck?

U Instituto de Matemdtica, Estatistica e Fisica, Universidade Federal do Rio Grande
Campus Carreiros, PO Box 474, 96201-900 Rio Grande, RS, Brazil

2 Department of Physics, University of Arizona, Tucson, AZ 85721, USA
3 KVI, Theory Group, University of Groningen, 9747 AA Groningen, The Netherlands

Abstract

We derive the parity- and time-reversal-violating nuclear interactions stemming from the QCD @
term and quark/gluon operators of effective dimension 6: quark electric dipole moments, quark and
gluon chromo-electric dipole moments, and two four-quark operators. We work in the framework
of two-flavor chiral perturbation theory, where a systematic expansion is possible. The different
chiral-transformation properties of the sources of time-reversal violation lead to different hadronic
interactions. For all sources considered the leading-order potential involves known one-pion exchange,
but its specific form and the relative importance of short-range interactions depend on the source.
For the 6 term, the leading potential is solely given by one-pion exchange, which does not contribute
to the deuteron electric dipole moment. In subleading order, a new two-pion-exchange potential
is obtained. Its short-range component is indistinguishable from one of two undetermined contact
interactions that appear at the same order and represent effects of heavier mesons and other short-
range QCD dynamics. One-pion-exchange corrections at this order are discussed as well.


http://arxiv.org/abs/1106.6119v1

1 Introduction

There are three sources of C'P violation in the lowest-dimension operators of the Standard Model. Due
to its flavor-changing properties, the phase of the CKM matrix is the best known and investigated
source (see, for example, Ref. [I]). The recent discovery of neutrino masses opens up the possibility of
analogous leptonic C P violation [2]. The third possible source comes from the 6 term in QCD [3]. Flavor-
conserving quantities, in particular hadronic, nuclear, and atomic electric dipole moments (EDMs), are
sensitive probes of this qualitatively different mechanism of C'P violation. EDMs require the simultaneous
violation of parity (P) and time-reversal (T'); for a review, see Ref. [4].

Years of careful experimental investigation have set stringent bounds on the neutron EDM, |d,| <
2.9-107%¢ cm [5]. This upper limit points to a tiny value for the # parameter, § <1071, despite
the naive-dimensional-analysis expectation that it be of O(1). Besides the neutron EDM, there are
measurements on atomic EDMs. The leading contribution in a paramagnetic system comes from the EDM
of the unpaired electron. In contrast, a diamagnetic atom has zero total electron angular momentum,
and the main contribution to the atomic EDM comes from the nuclear Schiff moment (SM), the residual
electron-nucleus interaction generated by the distribution of the EDM throughout the nuclear region. A
less stringent bound on the proton EDM, |d,| < 7.9-107%% e cm, is extracted from the EDM of the 1%9Hg
atom [6] through a calculation of the nuclear SM [7]. Atomic EDMs can also receive contributions from
higher nuclear moments that violate T, such as the magnetic quadrupole moment (MQM).

The unnaturally small value of @ leaves room for other flavor-diagonal sources of T violation, which
have their origin in physics beyond the Standard Model, at a high-energy scale Mz. Well below the new
physics scale, these effects manifest themselves in interactions between Standard Model fields represented
by higher-dimension T-violating (T'V) operators, suppressed by more and more powers of My. We expect
the most important TV effects to be captured by the operators of lowest dimension [8, @ 10 [I1], the
dimension-6 quark electric and chromo-electric dipole moments (QqEDM and qCEDM), gluon chromo-
electric dipole moment (gCEDM), and TV four-quark (FQ) operators.

A recent renewal of the longstanding interest in EDMs comes from a new generation of experiments,
which will improve the precision of EDM observables significantly. It is expected that the current bound
on the neutron EDM will be pushed down to 10727 — 10728 ¢ cm [12] using high-density ultra-cold neutron
sources at SNS [13] and ILL+PSI [14]. It has also been proposed that the EDM of charged particles could
be measured in storage-ring experiments [I5]. In addition to the proton, we could see a measurement
of the deuteron EDM with a projected precision of |dg| S107%° e cm. A measurement on 3He is also a
possibility. These measurements probe dimension-6 sources at scales comparable to the scale reached at
the LHC, so they could very well turn up positive signals.

Calculating hadronic and nuclear EDMs (and higher moments) directly from QCD with TV sources is
a daunting task, although progress has been made for nucleons, in the case of 6, using lattice simulations
[16]. An alternative is to use a low-energy effective field theory (EFT) of QCD, chiral perturbation theory
(ChPT) [I7, 18] (for a review, see for example Ref. [19]). In this case, we can describe hadronic and
nuclear observables in a controlled expansion with minimal dynamical assumptions, where the symmetries
of QCD —in particular the chiral SUL(2) x SUgR(2) symmetry for two quark flavors— are respected
order by order. While the simplest T-violating (TV) interactions have been known for a long time
[20, 211 22| 23, [24], a comprehensive analysis —similar to the well-known T-conserving (TC) sector— of
the TV chiral Lagrangian from the 6 term [25] and the dimension-6 sources [26] has only been performed
recently.

In the case of the nucleon EDM, one finds that, for T violation from the 6 term, the leading contri-
butions come from the pion cloud, where the pion couples to the nucleon via a non-derivative P- and
T-odd interaction, and from shorter-range interactions. The former is purely isovector, and provides an
estimate of the EDM: the characteristic Inm,, with m, the pion mass, is not expected to be canceled
by short-range contributions and thus provides the bound on # mentioned above [20, 2T, 23]. One can
extend the calculation to the full electric dipole form factor (EDFF) as well [23], where in leading orders
the radius, a contribution to the nucleon SM, is predicted [22]. However, because of two possible short-
range structures, isoscalar and isovector, even measurements of both neutron and proton EDMs would



be insufficient to determine the three unknown parameters that appear at leading order.

When dimension-6 sources are included in the picture, one finds that the qCEDM generates a nucleon
EDFF that is not distinguishable from the one stemming from @ [24]. Furthermore, while the momentum
dependence of the EDFF is qualitatively different if the qEDM or the gCEDM, rather than 6 or the
qCEDM, are the dominant sources of T violation, a measurement of the neutron and proton EDMs
alone can be fitted equally well by any of these sources. It is clear, then, that to pinpoint the dominant
mechanism(s) of T violation at high energy, more observables are needed, and nuclear EDMs are natural
candidates.

Nuclear EDMs and other moments receive various contributions. There are, of course, contributions
from the individual nucleons’” EDMs. In the deuteron the isovector component cancels, while in *He
one can expect a cancellation between the contributions of the two nearly anti-aligned protons. Thus,
nuclear EDMs, in particular the deuteron’s [27, 28], are sensitive to a different combination of hadronic
TV parameters than the neutron EDM. However, these one-nucleon contributions are modified from their
“in-vacuum” counterparts because the nucleons are not free but bound in the nucleus. There are many-
nucleon effects that are TV. First, the TV component of the pion cloud can generate a TV pion-exchange
interaction among nucleons, and no symmetry forbids interactions of shorter range, either. These TV
nuclear forces will mix-in components of the nuclear wave function that do not appear in the absence
of TV. It is a source of polarization effects for the entire nucleus. Second, there may be multi-nucleon
contributions to the TV coupling of the photon; such TV currents can be generated by either pion
exchange or shorter-range dynamics.

TV one-pion exchange (OPE) has long been recognized as an important component of the TV two-
nucleon (NN) potential, and expressed [29] [30] in terms of three non-derivative pion-nucleon couplings
[31], associated with isospin I = 0,1,2. So far, the analysis of TV nuclear effects has been based on
tree-level potentials where OPE is sometimes supplemented by the single exchange of heavier mesons,
the eta [32], rho [33], and omega [33] being most popular. Allowing sufficiently many couplings of these
mesons to nucleons one can produce [34] the most general short-range TV NN local interaction with one
derivative [35]. This is the TV analog of the DDH approach [36] for nuclear TC P violation (PV).

The contributions from such potentials to the deuteron and *He EDMs have been calculated in the
literature under various assumptions. OPE from the I = 2 TV pion-nucleon coupling does not contribute
to the NN system at tree level. It was noticed early on [37] that OPE from the I = 0 TV pion-nucleon
coupling does not contribute to the deuteron EDM, either, but it does for 3He, where it was estimated
with a phenomenological strong-interaction potential [38]. The deuteron EDM that arises from an I =1
TV exchange of either pion- or shorter-range, together with a separable strong-interaction potential, was
calculated in Ref. [37]. The effects of OPE on the deuteron EDM and MQM were calculated using both
zero-range and phenomenological strong-interaction potentials in Ref. [39]. More recent calculations of
the deuteron EDM and MQM [34] and of the 3He EDM [40] have considered other TV contributions
besides those from the TV potential, and used more modern, “realistic” strong-interaction potentials.
Meson-exchange currents were found small in the deuteron [34], and neglected in *He [40]. The TV-
potential contributions are consistent with earlier results; they are dominated by OPE from the I =1
pion-nucleon coupling in the case of the deuteron [34], and from all three pion-nucleon couplings in the
case of 3He [40].

TV moments of heavier nuclei are more difficult to calculate. It has been argued [29] that the TV
potential can lead to an enhancement over the nucleon EDM thanks to the near-degeneracy of levels of
opposite parity, while meson-exchange currents are comparatively small. The size of the effect can be
estimated through the single-particle potential obtained by averaging the NN potential over a closed
nuclear core. The OPE from the I = 0,2 pion-nucleon couplings are proportional to the nuclear I3,
(N — Z)/A 29, 30, 41], while the OPE from the I = 1 coupling does not have such a suppressing factor
[30, [41]. It has also been found that the matrix elements from the rho and omega are small compared to
the I =1 pion contribution [33]. EDMs and MQMs (for example from I = 0 OPE [29]) and SMs [42] of
several interesting nuclei have been estimated. A sample of recent SM calculations can be found in Refs.
[7, [43].

There are, of course, other nuclear tests of TV, see for example Ref. [44]. The most promising for



effects of the TV nuclear interaction seems to be neutron scattering [45]. On the proton [46] and deuteron
[47], TV neutron scattering is again dominated by OPE, but sensitive mostly to the I = 0,2 and I = 0,1
couplings, respectively. For heavy nuclei, one can again obtain estimates using the single-particle potential
[30, [44].

For consistency, we would like to describe nuclear TV observables in the same framework used for the
calculation of the nucleon EDM. The non-analytic behavior of the nucleon EDM in m, and the domi-
nance of OPE in nuclear observables point to the need of a framework that can account for both effects
simultaneously, with chiral symmetry playing a central role. In fact, different sources of T' violation have
different transformation properties under chiral symmetry. As a consequence, the relative importance of
various pion-nucleon and short-range interactions is not the same for all sources. Here we use the chiral
Lagrangian built in Refs. [25, 26], where TV interactions stemming from the @ term and the dimension-6
sources were constructed and ordered according to the same power counting used to order TC interactions
in ChPT.

In addition to consistency between one- and few-nucleon TV interactions, nuclear TV also requires
consistency between TV and TC forces, in order there to be no mismatch in the off-shell behaviors of
the various ingredients. Of course, off-shell effects are dependent on the choice of fields, while physical
quantities are not, provided the same choice of fields has been made throughout the calculation. As far as
TV nuclear interactions are concerned, phenomenological TC models bring additional uncertainties, such
as the choice of zero-range or finite-range interactions and the role of heavy mesons. On the other hand,
ChPT has been extended to multi-nucleon systems [48], leading to the derivation of TC nuclear forces
and currents. This opens up the possibility of describing all necessary ingredients in a single framework.

The goal of this paper is to provide the first step in the extension of TV interactions in the EFT to the
multi-nucleon sector where OPE is treated non-perturbatively. Some of us have recently looked at the
deuteron’s PV, TV electromagnetic moments in an EFT where pions are treated in perturbation theory
[28]. In this case, the size of uncertainties is set by the relatively low scale where OPE becomes significant.
Treating OPE non-perturbatively extends the EFT to higher momenta and improves convergence. The
TV nuclear potential is the most important ingredient in this extension, and here we derive it for the
most important TV sources. This is the TV potential to be used, for example, with the TC, parity-
conserving (PC) potentials from Refs. [49, B0, 51] (52, 53, 54, 55]. The construction here is similar to
that of the TC PV potential [56, 57, 58], which extends the EFT from the TC, PV one-nucleon sector
[59] to multi-nucleon systems. Such a framework provides an alternative to the DDH approach [36],
allowing for a model-independent analysis of nuclear TC PV phenomena [60, [61]. Our present TV PV
EFT framework stands in respect to previous approaches like this TC PV EFT framework with respect
to the DDH approach.

As we are going to see, the form of the TV potential at a given order in the chiral expansion depends
on the source. For the dimension-6 sources, all non-derivative pion-nucleon couplings appear at leading
order, although these sources differ in the relative strength of the I = 2 pion-nucleon coupling and
short-range interactions. For these sources, the leading-order potential is sufficient for most applications
we envision. The situation is different for the # term: only the I = 0 pion-nucleon coupling, which
is suppressed in some cases of interest, appears at leading order. For this source, we thus derive the
potential up to subleading order. We show that new elements appear with respect to phenomenological
treatments, such as two-pion exchange (TPE) at the same level as short-range interactions representing
heavier-meson exchange. This richness is a blessing, as it potentially reveals the TV source [24] 28].

The rest of the paper is organized as follows. In the next section, Sect. 2] we present a summary
of basic ChPT ideas and give the TC and TV chiral Lagrangians needed in the following sections. For
processes involving momenta below M,,. ~ 100 MeV, pion degrees of freedom can be integrated out
and the dominant TV contact interactions (the leading-order TV potential in the so-called pionless EFT)
are obtained in Sect. Bl The nuclear potential in ChPT, which should apply beyond M., is then
presented in momentum (Sect. M) and coordinate (Sect. Bl spaces. (We relegate details of the Fourier
transformation to the Appendix.) In Sect. [6l we discuss the size of different components of the potential
and compare them with phenomenological forms. We draw our conclusions in Sect. [7



2 Chiral Perturbation Theory

QCD is characterized by an intrinsic mass scale Mgcp ~ 1 GeV. At momenta () comparable to the
pion mass, Q ~ m, < Mgcp, interactions among nucleons and pions are described by the most gen-
eral Lagrangian that involves these degrees of freedom and that has the same symmetries as QCD. A
particularly important role at low energy is played by the approximate symmetry of QCD under the
chiral group SUL(2) x SUR(2) ~ SO(4). Since it is not manifest in the spectrum, which instead exhibits
an approximate isospin symmetry, chiral symmetry must be spontaneously broken down to the isospin
subgroup SUr+gr(2) ~ SO(3). The corresponding Goldstone bosons can be identified with the pions,
which provide a non-linear realization of chiral symmetry.

Chiral symmetry and its spontaneous breaking strongly constrain the form of the interactions among
nucleons and pions. In particular, in the limit of vanishing quark masses and charges, when chiral
symmetry is exact, pion interactions proceed through a covariant derivative, which in stereographic
coordinates 7 for the pions is [62]

D,7=D"10,7 (1)

with
D=1+=%/F? (2)

and F; ~ 186 MeV the pion decay constant. One can also construct the covariant derivative of this
covariant derivative,

2
DyD,& = 0, D, 7 + 75 (F D7 - Dt = DR 7 - D7), (3)

and so on. Nucleons are described by an isospin-1/2 field N, and we can define a nucleon covariant
derivative )
T, -
D,N = ((9H + i (7 x D,ﬂr)) N, (4)
where 7;, i = 1,2, 3, are the Pauli matrices in isospin space. We also define D through ND' = DN, and
use the shorthand notation

DY =Dt + D", DYDY =DFDY + DVDH £ DHDY 4 DIVDH (5)

and
DY =7, D* £ D7, 17, DYDY =7, D'DY + DV D7, + D, DY + D1, DH. (6)

When acting on a nucleon bilinear of non-zero isospin, for example D#(N 7N), the covariant derivative
is meant to be in the adjoint representation, that is, the isospin matrix in Eq. @) should be replaced by
()i, = ic™*.

At @ ~ m,; < my, the nucleon mass, nucleons are essentially non-relativistic; as such the only
coordinate with which their fields vary rapidly is v - , where v is the nucleon velocity, v, = (1, 6) in the
nucleon rest frame. It is convenient therefore to use a heavy-nucleon field from which this fast variation
has been removed [63]. This simplifies the gamma-matrix algebra, leaving only the spin operator S*,
where S* = (0,5/2) in the nucleon rest frame. Below we use the subscript L to denote the component
of a four-vector perpendicular to the velocity, for example

D, =Dy, —v,v-D. (7)

Baryon states above the nucleon, such as the delta isobar, can be included in EFT along similar lines,
but for simplicity we do not include them here.

The ChPT Lagrangian in the chiral limit includes all the interactions made out of D, 7%, N and their
covariant derivatives that are chiral invariant. Chiral symmetry is explicitly broken, however, which
introduces pion interactions that might not include derivatives, but are proportional to powers of the



symmetry-breaking parameters. Since the explicit breaking of chiral symmetry is small, chiral-symmetry-
breaking operators can be systematically included as a perturbation on the chiral-invariant Lagrangian.
Their forms are also not arbitrary, being instead determined by the chiral transformation properties of
their progenitors in the QCD Lagrangian. The construction of chiral-symmetry-breaking operators from
quark masses and “hard” electromagnetic interactions (those from photons with momenta beyond the
EFT regime) is extensively treated in Refs. [62] [64]. “Soft” interactions via an explicit photon field A,
appear in gauge-covariant derivatives,

1
(Duﬂ'a) — 5 (6H6ab — eAM£3ab) Th, (8)
) 1
DN = |0+ o7 (7 x D) — ieA,—=2 | N, )

™

where e is the proton electric charge, and in gauge-invariant interactions built from the photon field
strength
F,, =0,A, —0,A,. (10)

Approximate chiral symmetry, together with the heavy-baryon formalism, allows us to systematically
expand observables in the mesonic and one-nucleon sectors in powers of QQ/Mgcp, where @ is the typical
momentum of the process under consideration. The ChPT Lagrangian contains an infinite number of
terms, which can be organized using an integer “chiral index” A and the number f of fermion fields

[17, 62):
_ (A)
¥l a
A=0 f
where A =d+ f/2 —2 > 0, with d the number of derivatives, powers of the pion mass or of the electric

charge. For processes with at most one nucleon, A = 0, 1, all momenta and energies are typically ~ Q.
The contribution of a diagram to the amplitude 7' can then be estimated by

T < Q"F(Q/p), (12)

where F is a calculable function, u is the renormalization scale, and the counting index v is

v=4-20-A+2L+» A (13)

Here, C = 1 and L are respectively the number of connected pieces and loops in the diagrams, and i
counts the number of insertions of vertices from L(fA). From Eq. ([I3) it is apparent that diagrams with
increasingly higher number of loops and non-vanishing-index interactions are increasingly suppressed,
leading to a perturbative expansion. Assigning to loops a characteristic factor Q?/(47)? and using naive
dimensional analysis [17} [65 [9] to estimate the EFT parameters, the suppression scale is Mocp ~ 27F.
Note that in this sector of the theory nucleon recoil is a subleading effect: the nucleon is nearly static.

The ChPT power counting formula (I3 cannot directly be applied to processes with A > 2 [66] [48].
Indeed, in diagrams in which the intermediate state consists purely of propagating nucleons —which are
called “reducible”— the contour of integration for integrals over the Oth components of loop momenta
cannot be deformed in way to avoid the poles of the nucleon propagators, thus picking up energies
~ Q?/my from nucleon recoil, no longer a subleading effect, rather than ~ Q. There is also an extra
factor of 4. These diagrams are therefore enhanced by factors of 4wmy/Q with respect to the ChPT
power counting that assigns Q?/(47)? to a loop, and the need to resum them leads to the appearance of
shallow bound states in systems with two or more nucleons, nuclei. Diagrams whose intermediate states
contain interacting nucleons and pions —“irreducible”— do not suffer from this infrared enhancement,
and in them nucleon recoil remains a small effect. Reducible diagrams are thus obtained by patching
together irreducible diagrams with intermediate states consisting of A free-nucleon propagators. Calling
V' the sum of all irreducible diagrams, the amplitude can be written schematically as

T=V+VGV +VG VGV +...=V +VGqT, (14)



where Gq is the free-nucleon, non-relativistic Green’s function. Equation (I4) is just the Lippmann-
Schwinger equation, which is formally equivalent to a Schrédinger equation with a potential V.

Naive dimensional analysis suggests [66] that irreducible diagrams follow the ChPT power counting
rule (I3) with C > 1. While this is true for pion-exchange diagrams, the situation is more complicated
for contact interactions. In fact, it can be shown that the iteration of the singular one-pion exchange
requires for renormalization at the same order a finite number of f = 4 interactions, some of which are
less suppressed than expected on the basis of naive dimensional analysis [67, [68]. On the other hand,
corrections, which should be perturbative, are expected to still conform to dimensional analysis [69, [70].
Since the TV potential is very small, it should be amenable to an expansion in powers of Q/Mgcp,
with different contributions organized according to their chiral index v, or, equivalently, according to the
number of inverse powers of Mgcp.

In Sect. @ we compute the TV nuclear potential, in the case of the QCD 6 term up to order v = 3,
which means up to O(Q? /M(%CD) with respect to the leading piece. Such a calculation requires the
knowledge of the TC and TV ChPT Lagrangians up to A = 2 and A = 3, respectively. In the remainder
of this section we present the relevant interactions. Throughout, we use nucleon field redefinitions to
eliminate nucleon time derivatives from subleading interactions.

2.1 T-Conserving Chiral Lagrangian

The calculation of the TV potential in ChPT requires certain TC interactions with f = 0,2, which we
list here. (A more complete list can be found in the literature, for example Refs. [19] [48] [71].) These
interactions stem from the quark (color-gauged) kinetic and mass terms in the QCD Lagrangian.

The leading TC chiral Lagrangian has chiral index A = 0 and is given by

2

(0) 1 - - m 92 = . 2gA — T —
Lilor= §D#7T - DHE — ﬁw + Niv-DN — F—WD“W - NTSEN, (15)
where g4 is the pion-nucleon axial coupling, g4 ~ 1.27. The pion mass term originates in explicit chiral-
symmetry breaking by the average quark mass m = (m, + mg)/2 and, by naive dimensional analysis,
m2 = O(mMgcp). Neglecting for the moment isospin-breaking operators, at chiral order A = 1 the

relevant Lagrangian consists of

gA

1
£, . = —=——ND2N
F<2,TT N TN A+ o

=2
(iv- D) - N¥S-D_N + Amy ( 21 ) NN. (16)
TN

1— 2
F2D

Here the first two terms are the nucleon kinetic energy and a relativistic correction to the pion-nucleon
coupling, the coefficients of both operators being fixed by Galilean invariance. The third term is the
nucleon sigma term with a coefficient Amy = O(m2/Mgcp). At the next chiral order, A = 2,

Am?

(Poar = —Spri+ 4Fi:‘n?VDﬁ-N% (s"p? _ -t 5D )N
2 272 .
—% cAD2 D7 — dy (1 - —F;TD) Dﬁ] . N7SPN. (17)

The first term is a correction to the pion mass, Am2 = O (mfr/M%CD). The second term represents
further relativistic corrections to the g4 term in Eq. ([T). The constraints imposed by Lorentz invariance
on Egs. ([6) and ([IT) agree with the results of Ref. [7I], once a field redefinition is used to eliminate
time derivatives acting on the nucleon field from the subleading A = 1 and A = 2 Lagrangians. The
operator with coefficient c4 = O (1/M50D) in Eq. (I1) is a contribution to the square radius of the
pion-nucleon form factor, while da = O (m2 /Mg p) is a chiral-symmetry-breaking correction to g4 [51],
which provide the so-called Goldberger-Treiman discrepancy.

Isospin-breaking operators in the chiral Lagrangian [64] stem from the quark mass difference mg—m,, =
2me and from quark coupling to photons through the fine-structure constant aen, = e?/4m. Here,



for simplicity, we count & ~ 1/3 as O(1) and aem/47 as O(m3 /M p), since numerically em /47 ~
em3 /(2nF,;)3. Tsospin-violating terms first contribute to the A = 1 Lagrangian,

52
1) _ o 0mg oy oy OMN 2m3 L

s B 1)+ 22 (o= ) -

while at order A = 2,

) y
(2) o 5mw 2 5mN — 2 N -9 ﬂl 271'3 5 o —
LfS27T1__2D27T3+TN TB+F‘$—D (71'37r~7'—ﬂ' 7'3) N+F_7r D#ﬂ'g—Fz—Dw-D#w NSHN.

(19)
Here om2 = O (aemMpep/4m) is the leading electromagnetic contribution to the pion mass split-

ting, while the quark-mass-difference contribution, ém?2 = O (EQmj’; /M(%C D), is smaller by a power of
emyz/Mocp. The pion mass splitting, mii — mio = Smi —dm2 = (35.5 MeV)? [72], is dominated by the
electromagnetic contribution. The nucleon mass splitting, m,, —m, = dmy + SmN = 1.29 MeV [72] also
receives contributions from electromagnetism and from the quark masses. In this case, the quark-mass
contribution dmy is expected to be the largest. By dimensional analysis dmy = O(em?2/Mgcp), and
lattice simulations estimate it to be dmy = 2.26 £ 0.57 &+ 0.42 £ 0.10 MeV [73], which is in agreement
with an extraction from charge-symmetry breaking in the pn — dr° reaction [74]. The electromagnetic
contribution is dmy = O (CemMgcp/47), that is, O (em2 /M3 p) and about the 20% of dmy. Using

the Cottingham sum rule, my = —(0.76 % 0.30) MeV [75], which is consistent with dimensional analy-
sis. The operator with coefficient 5, = O (amf, /Méc D) is an isospin-violating pion-nucleon coupling. At
present there are only bounds on 1 from isospin violation in nucleon-nucleon scattering. For example, a
phase-shift analysis of two-nucleon data gives 81 = (0£9)-1072 [51,52], which is comparable to estimates
of B; from 7-n mixing.

For the solution of the Lippmann-Schwinger equation, it is convenient to eliminate the nucleon mass
difference m,, — m, from the nucleon propagator and from asymptotic states. This result can be accom-
plished through a field redefinition, defined in Ref. [54]. After the field redefinition, Eqs. (I8) and (I9)
become

1 /s . dm?2 < . L
L?ﬁ?j,{ = 32 (5mfr — 5m?\,) (7 —73) — 222 T3 — (0my + 0my) (7 X v - D7),
d - 2 _
91;4 TZ]VV ie300Ta NTyS - D_N + % (D,ﬂr3 - %ﬁ’ : Duﬁ) NS“N. (20)

We will incorporate isospin-breaking effects in the potential using the Lagrangian (20)).

2.2 T-Violating Chiral Lagrangian From ¢

The lowest-dimension TV operator that can be added to the TC QCD Lagrangian is the dimension-4
§ term. With an appropriate choice of the quark fields ¢ = (u,d)”, the § term can be expressed as a
complex mass term [76],

Lrs =m0 Givsq, (21)

where m, = myma/ (my, +maq) = O (m2/Mgcep) and 6 is the QCD vacuum angle, here already assumed
to be small as indicated by the bound on the neutron EDM, # < 107'°. The  term transforms under
chiral symmetry as the fourth component of an SO(4) vector P = (¢7q, §isq), whose third component is
responsible for quark-mass isospin violation [64]. TV from the § term and isospin violation from the quark
mass difference are therefore intrinsically linked; this link appears in certain relations [20, 25] between
the coefficients of TV and isospin-breaking operators in ChPT through a coefficient p = (1 — £2)6 /2.
The pion-nucleon TV Lagrangian from the QCD 6 term was constructed in Ref. [25]. The leading
f <2 TV interaction generated by the 6 term appears at A = 1 and consists of an isoscalar pion-nucleon



coupling, -

(1) o 9o - -

Ef:27T4 = —ET—DTF - NTN. (22)

The relation to isospin-breaking operators implies that go can be expressed in terms of the quark-mass

contribution to the nucleon mass difference, go = pdmy = O (t9m72T /Moc D). Increasing the chiral index
by one, we find a single term, ~

@ 2hy

o2qa= "Tap T Du NSHN, (23)

where Bo is an isoscalar two-pion-nucleon coupling, which is related to the coefficient 5; in Eq. a) by
ho=pp =0 (Hmfr/M%CD). The A = 3 operators relevant to the calculation of the TV potential at
order v = 3 are

= 2 =2
o o= L (2 g Ay 5m”) <1 27 )7T3NN

f=214 Fo\D  Pmy m2 )" F2D
1 [(Agy _ om2 272N\ L, - ] 272 fon s
_E<T_g°mg ' Fep) T AN g\ Fep ) (Pea DT VTN,
_ =2
go {4 o N2 ™ J A v
e W-NTDLN+2<1——> D, - N7[S*, S"]D N}, (24)
8m2 F,D F2 .

where once again we eliminated operators containing nucleon time derivatives and neglected multi-
pion operators. Equation (24)) is obtained after rotating away the subleading pion tadpole operator
—(godm?2 /28m ) w3 from the mesonic TV Lagrangian, as detailed in Ref. [25]. The first operator in Eq.
(24) is the most important contribution of the § term to the isospin-breaking TV non-derivative coupling
w3 NN. Its coefficient is of © (é&mjﬁ/MgCD) and is suppressed by two powers of m,/Mgcp with respect
to go. The second term in Eq. (24)) is basically a correction to go of the same order. Of the TV operators
with two derivatives, 7 = O (6m? /M, &cp) represents a contribution to the radius of the TV pion-nucleon
form factor, while the remaining operators relevant at this order are relativistic corrections to the go term
with coefficients fixed by Lorentz invariance. As in the case of the A = 1,2 TV Lagrangians, the TV
coefficients in Eq. (24)) are related to isospin-violating parameters in the A = 3 TC Lagrangian, which
are at present poorly determined (see discussion in Ref. [25]).

For the nuclear potential we will need in addition operators involving more nucleon fields, which are
constructed in the same way as were the f = 0,2 interactions in Ref. [25]. In the f = 4 sector of the
theory, the first contribution to the Lagrangian comes at A = 2,

2 1 - — AT N7 — AT= \T
c? W= T (s N7N NN + 47,N7S,N NS*N),, (25)

in terms of two TV parameters 7, ,. Just as for f < 2, here too there is a link with isospin-violating
operators, in this case

2 Vs 21y < < 23, <
L =N (m ~ 727 7') NNN +2y,N <73 - FpT T> S, N NS*N, (26)
which generate the dominant contributions to the short-range isospin-violating two-nucleon potential
[64, [51]. The isospin-violating coefficients v; = O(em2/FZ Mg p) can be seen as low-energy remnants
of p-w mixing [51] and a;-f; mixing [77]. The TV parameters are related to them by % = pvy; =
O(Om2) FT%M(%C p)- The operators in Eq. (20) are not relevant for the nuclear potential to the order we
work, but contribute to the three-nucleon TV potential at next order.
The first operators relevant to the calculation of the TV two-nucleon potential are

£®

o272 o _ _ _
@ s = (1 il ) [CiNN8,(NSHN) + CoN7N - D, (NSF7N)] (27)
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where the C; are two new TV parameters. These interactions are related to isospin-breaking operators

(3) - 27T3
Li=a11= Fp

[CtNN9,(NS*N)+ CoN7N - D, (NS*FN)], (28)

with coefficients C; = O(em2/FZM@¢p). The TV parameters are C; = pC; = O(0m2 /F2M )
and, therefore, contribute to the TV potential at order v = 3. The coefficients C; could in principle be
determined from pion production in the two-nucleon system and/or from isospin-violating three-nucleon
forces. However, even lower-order isospin-violating three-nucleon forces are very small [55], so prospects
for extracting C; from TC data are grim. As before, we do not write in Eq. (27 other interactions that
contain more pion fields.

One can continue the construction of the TV Lagrangian not only to higher orders, but also to more
nucleon fields. For any given f, the dominant TV terms are expected to be those without derivatives that
transform like the fourth component Py, just as in Eq. (28]). This type of term will involve an odd number
of pions in addition to the f nucleon fields. It thus contributes at tree level only to (f + 2)/2-nucleon
forces, or to absorption/production/scattering of pions on f/2-nucleon systems. The first short-range
f/2-nucleon TV force comes from four-vectors P that involve one derivative, as in Eq. ([Z1). Since nuclear
forces tend to become less important as f increases (see, for example, Ref. [48]), it is unlikely that terms
with f > 6 need to be constructed. The first f = 6 operators that contribute to the three-nucleon TV
potential appear at next chiral order, A = 4.

2.3 T-Violating Chiral Lagrangian From Dimension-6 Sources

The smallness of 6 leaves room for other sources of T violation in the strong interactions, which have
their origin in an ultraviolet-complete theory at a high-energy scale, such as, for example, supersymmetric
extensions of the Standard Model [I1]. Well below the scale My characteristic of 7" violation, we expect
TV effects to be captured by the lowest-dimension interactions among Standard Model fields that respect
the theory’s SU.(3) x SUL(2) x Uy (1) gauge symmetry. Just above Mgcp, strong interactions are
described by the most general Lagrangian with Lorentz, and color and electromagnetic gauge invariance
among the lightest quarks, gluons, and photons. The effectively dimension-6 TV terms at this scale can
be written as [, [9] 10} [11]

1 . 1 /s 7 v, a a
Lrg = —gq_ (do + dsTs) o"in’q Fu — iq (do + d37’3) o iyd \q Gl

d 1
+%€“ GGl G+ ImEn (29777 — a7 - 37iY7q)

1 . ~ya = —ya =
—I—ZImZg ((jx\“q gAYy q — GA\* Tq - GA TZ")/SL]) , (29)

a
pvo

+® and o in spin space, the totally antisymmetric symbol é#*??, the Pauli matrix 7; in isospin space,
the Gell-Mann matrices A% in color space, and the associated Gell-Mann coefficients f@¢.

In Eq. 29) the first (second) term represents the isoscalar dy (do) and isovector ds (ds) components
of the qEDM (qCEDM). Although these interactions have canonical dimension 5, they originate just
above the Standard Model scale My, from dimension-6 operators [§] involving in addition the carrier of
electroweak symmetry breaking, the Higgs field. They are thus proportional to the vacuum expectation
value of the Higgs field, which we can trade for the ratio of the quark mass to Yukawa coupling, m,/ fq.
Writing the proportionality constant as eéqfq/M% (4W5qfq/M%),

in terms of the photon and gluon field strengths F),, and G¢,,, the standard products of gamma matrices

m ~ ~ m
dos~ O (650,3F%> , dos~ O (47T50,3 M—%> ) (30)



in terms of the average light-quark mass m and the dimensionless factors dp 3 and 50,3 representing typical
values of d, and d,. The third term in Eq. 29) [9] is the gCEDM, with coeflicient

4w
dw ~ 0 | == (31)
v (MT>

in terms of a dimensionless parameter w. The fourth and fifth operators [10, [I1] are TV FQ operators,

with coeflicients
4 2
ISy s = O (%) (32)

T
in terms of further dimensionless parameters o; g. The sizes of §g 3, 5013, w, and 01 g depend on the exact
mechanisms of electroweak and 7" breaking and on the running to the low energies where non-perturbative
QCD effects take over. The minimal assumption is that they are O(1), O(gs/47), O((gs/4m)3), and O(1),
respectively, with g, the strong coupling constant. However they can be much smaller (when parameters
encoding TV beyond the Standard Model are small) or much larger (since f, is unnaturally small). For
discussion and examples, see Refs. [ [11].

The dimension-6 operators in Eq. (29) have different transformation properties under chiral symmetry.
The isoscalar and isovector gEDM (qCEDM) transform, respectively, as the fourth and third components
of two SO(4) vectors V and W (V and W), with

1 qotvTq 1 —igotvyP7q
V= 2 < i(jo’“u"yf)q >F;un W= 2 < Ljo'qu FHV? (33)
and
51 qotY TAYq “ 1 —igo* P TAYg a
V=2 ( iqot X g ) Gl W=7 ( qo' \q Gl (34

In contrast, the gCEDM and the two TV FQ operators £, g are singlets of the chiral group, respectively

1
IW 6 uukafacha Gpr (35)
and
1, & % _.. &
Ly = Z(qqu q—q7q- qTiv°q) , (36)
L. a,, =\a; —\a =, =\a =
Igs = 7 (G\“qq\"i7v°q — gA\" Tq - QA" Tin’q) . (37)

They do not break chiral symmetry.

The different chiral properties of various TV sources have profound implications for the form and rela-
tive importance of nucleon-pion and nucleon-nucleon TV couplings in the effective Lagrangian. Effective
interactions are constructed to transform in the same way as the sources at quark/gluon level. Thus, Ws
leads to interactions proportional to b5 that only appear from @ in the tensor product between P, and
Ps from the quark-mass-difference term, and are thus proportional to emm?@ (for example, the g; term in
Eq. 24)). } } B

On the other hand, V, generates exactly the same interactions as Py, so dg and @ contribute similarly
to low-energy observables. For gEDM, hadronic interactions arise from integrating out at least one hard
photon, which leads to further breaking of chiral symmetry in the form of tensor products of V' and W
with a antisymmetric chiral tensor [64]. The contributions of the gEDM to purely hadronic couplings,
like pion-nucleon or nucleon-nucleon couplings, are suppressed by the electromagnetic coupling constant,
Qem /4T ~ em3 /(27 F,)3. electromagnetic currents. We do not explicitly construct the TV potential
from the qEDM. Because they are chiral invariant, the gCEDM and the two TV FQ operators lead to
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exactly the same effective interactions, although, of course, with different strengths. The interactions
from gCEDM are the hadronic matrix elements of Iy, ([B3) and are proportional to w in Eq. (BII), while
those from the TV FQ operators are the hadronic matrix elements of I,4; in Eqs. (36) and B7) and are
proportional to o; in Eq. (B2). For simplicity of notation, in the following w denotes both w and o g,

{’w,Ul,Ug} — w. (38)

For none of the dimension-6 sources there is an immediate, useful connection to TC operators as for 6.
The pion-nucleon Lagrangian from dimension-6 sources was constructed in detail in Ref. [26]. The
only terms we need in the following belong to the lowest-order Lagrangian,

do . . _ B _ - 9 o
ﬁ;ig?TG = —FiODw-NTN— Fileo, NN — F“Z2D7T3N T3 + 72D (7r37r-T—7r2T3) N
—%(v . D7 x D,7) - NSH#N — ;—1DL .D,#- N7N. (39)

In this Lagrangian:

e For qCEDM, A, = —1. At this order the qCEDM contributes only to the non-derivative couplings
go and gi. In contrast to the @ case (24)), the elimination of the pion tadpoles induced by the
isovector component, W3 of the qCEDM generates an interaction of exactly the same chiral form as
other existing interactions, and for simplicity we absorb the tadpole contribution in the g;. Then

Jo = O((So + Egg)m%MQCD/M%) and g; = O(SBmiMQCD/M%)-

e For qEDM, A, = 2. At this order the qEDM contributes also to the non-derivative coupling
g2, which arises from the tensor product of W3 with the antisymmetric chiral tensor generated
by a hard photon. In this case, again after tadpole extermination, o = O(aem(do + d3)(1 +
a)miMQCD/ZLWM%), g1 = O(aem (o +53)merQCD/47TM%), and gg = O(aemégmiMQCD/éle%).

e For chiral-invariant sources, A, = —1. It is not possible to construct chiral-invariant, TV pion-
nucleon couplings with zero or one derivatives. The leading TV couplings then contain either
two derivatives or one insertion of the quark mass, and the couplings go1 and 7p,; all appear at
the same order. More precisely, after the elimination of the pion tadpole, we find go = O(w(1 +
52)miMQ0D/M%) and g1 = (’)(wsmiMQCD/M%), while 791 = (’)(wMQCD/M%).

In the case of gEDM, we need also the photon-nucleon TV interactions [24, [26]

1 — — 27?2 =5 27T3 — — 1%
g =2 | (1= g ) i (- g 7) | s (10)
with do 1 = (9(65073mi/M%MQCD) short-range contributions to the nucleon EDM.
The various dimension-6 sources lead to different interactions also in the f > 4 sectors. For the
chiral-invariant sources, there are further leading-order interactions with f = 4,

£4) s = CINNO,(NS"N) + C,N7N - D, (NFS'N), (41)

with coefficients C1 2 = O(wMgcp/ F,%M%) Note that because of different chiral-transformation prop-
erties, the form of Eq. (@I) is different from the contact interactions stemming from 6, Eq. (Z7). For the
remaining dimension-6 sources, the form of contact interactions can be different still. They appear from
tensor products of symmetry-breaking operators and are subleading. The qCEDM and qEDM generate

operators at chiral index A = A, + 1, which have schematically the same form as Eq. (23]), but a richer
isospin structure. These operators do not contribute to the two-nucleon potential at tree level, but they
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are relevant for three-nucleon forces just beyond the order we consider. Contributions from these sources
to the two-nucleon potential are found at A = A, + 2,

A2 272\ (A _ _ o
LR = (1 - FT%—D) [CiNN 8,(NS*N) + CoN7N - D, (NSH7N)]

n (5% - %m) [(Cs NN 8, (NS“N) + CaNN D, (N7S )]

—2
+ { <1 _ ?;—D> (CsNrN 8, (NS"N) + CoNN D, (NruS*N)]

_ 2 = = 2 "
+C7 (53k - F3—3D7Tk> ]VT/CJ\/”DH (NSHT[N)} |:5[3 + FT%—D (7T37Tl - 7T2631) N (42)

where the C; are new coefficients. The qCEDM only contributes to 6_'1,273,4 in lowest order, with 6'172 =
O((3o + 553)m3r/F,%M%MQCD) and C34 = O(ngfr/F,%M%MQCD). The qEDM contributes also to
Cs.6.7, because of tensor products with the antisymmetric tensor generated by a hard photon, and we
have 0172 = O(acm(&) + 53)(1 + E)mgr/47TF£M721MQCD), 0374 = O(Oécm(50 + 53)m3r/47TF7§M721MQ0D),
Csp = O(acm50mi/47rF£M%MQCD), and C; = O(acm53mi/47rF£M%MQCD)). Comparing Eq. (42])
to Eq. (1), we once again see that, differently from the @ term, the qCEDM and qEDM generate TV
and isospin-breaking operators of the same importance as isoscalar TV operators. The four-nucleon
operators in Eq. ([@2) have, this time just like the # term, chiral index that is two units bigger than that
of the leading pion-nucleon Lagrangian. As a consequence, short-range contributions to the two-nucleon
potential from these sources arise only at next-to-next-to-leading order. Such high orders will not be
considered explicitly below.

3 Pionless Theory

Before we discuss the TV potential in ChPT, it is instructive to consider a much simpler EFT. At
momenta much smaller than the pion mass, pion degrees of freedom can be integrated out and one is left
with a pionless EFT, in which the interactions are represented by operators involving only nucleon fields.
If we denote by M,,,. ~ 100 MeV the scales associated with pion physics, this EFT applies to processes
where all momenta @ < M,,.. Power counting in this EFT is different from ChPT and is reviewed in
Ref. [48].

The lowest-order TC two-nucleon interactions can be taken as [66]

N, N, CTT = =
0 = _ZLNNNN - S-NTN - N7N, (43)

where Ci1 - = O(4n/mpyR), with X < M, a low-energy scale. The corresponding potential in momen-
tum space is simply

0 1 (1) =
V;J), = 5 |:011 + CTTT(l) '7'(2):| , (44)
where 7 () /2 is the isospin of nucleon i. These interactions affect only the two S waves. Since the effect
of free two-nucleon propagation is ~ my @ /4w, for momenta @) 2 X these interactions have to be iterated
to all orders [78, [79]. Using dimensional regularization with power divergence subtraction [79] at a scale

122
4 (1 -t 4 (1 -t
Cos = C11 —3C, = — <— - M) ; Cot =C11 +Crp = — (— - N) ) (45)

mn \as myn \ Gt

in terms of the isospin-singlet (>S7) and -triplet (1Sp) scattering lengths, as and a;. Because the coeffi-
cients C1 .- subsume physics at the scale of the pion mass, their scaling is different from the one in the
pionful EFT.
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In leading order, the 6 term and the dimension-6 sources induce TV four-nucleon operators similar to

those in Eqs. (1), @) and [2):

Lir = CuNN 9,(NS"N)+C.N7N -9, (NS'7N)
+C3 N3N 8, (NS*N) 4+ C13NN - 8,(NS#m3N) + Co3 N3N, (NSHmN),  (46)

where C11,77,13,31,33 are new short-range parameters. In momentum space the interaction Hamiltonian
is given by

Vir@ = —L (o1 4+ Crr? )7+ Gy 022 (70— 3@)) g
. (Ciz + Ca1) (7'351) + 7'352)) (5(1) - 3(2)) q

((_713 - C_'31) (ngl) - T§2)> (5(1) + 6'(2)> -, (47)

[\

I RS

where @ () /2 is the spin of nucleon i and §= py — i} = iy — P> is the momentum transfer.

In nucleon-nucleon scattering, operators that break P and T induce mixing between waves of different
parity. At low energy, the most relevant effect is the mixing between S and P waves, and indeed the
single momentum in Eq. ([@7) can only connect an S to a P wave. At leading order, the P wave is free.
Since the short-range TV potential involves one S wave, we expect [48] that in the pionless EFT the
coeflicients C’ij scale as 1/X. Indeed, the amplitude for a nucleon-nucleon transition can be computed
from Eq. ({7) as done in the PV case in Refs. [56, [60]. In leading order, it involves one insertion of the
TV operators C’ij, dressed by the all-order iteration of the appropriate S-wave operator, Cys or Co;. The
renormalization-group invariance of the amplitude implies that the C’ij follow a renormalization-group
equation of the form d(C;/Co)/dIn = 0, which is satisfied if the five independent parameters are taken
to be

L _ dme, (1 L drme (1 !
Cis=Cn —3C = <——u> , Ciu=Cui +Crr = t(--u) ,

my \ Qs my \at
~ _ ~ 4dmess (1 -t _ ~ 4me 1 -t
C3s =Ci13 —C3 = & <— - M) , O3 = C13+ C31 = i <— - M) ;
mny Ag mn ay
. dme 1 -1
Oy = 133 <_ _ M) 7 (48)
mn a¢

in terms of five y-independent coefficients ¢; ¢ 35 3¢,33¢. As in the TC sector, the scaling of the short-range
parameters is different in the pionless EFT than in ChPT. We can write

_ 4 _ 47 — 47
Ci1.r=0 Csyt | Ci331=0 C3s,3t | C33=0 C33t | - (49)
N mNN

my ’ITLNN

In order to estimate the coefficients €s+ 35 3¢,33:, We use naive dimensional analysis [17, [65, O] with
the pionful EFT as the underlying theory. We then find that at leading order the isoscalar ¢, ; receive
contributions from all the sources,

_ 0 < = Mgcp Qem Mgep  Mgep
st = O , (6 1) , oo + 6 , , 50
Cs,t (MQCD (0o + €03) M% 47T(0+ 3) M% w M% (50)

while the isospin-breaking ¢35 3: only from the dimension-6 sources,

_ « Mgcp Qem Mqgcp Mgcep
s - B ) ) 1
C3s,3t O <53 M,% I (50 + 53) M% cew M% (5 )
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and €33; only from the gEDM,

Qem . M
caze = O ( ;T 03 E€D> : (52)
T

In general, one would expect five possible amplitudes connecting S to P waves [34] [46]: three —one
for each possible value of Is = 1,0, —1— to describe the mixing of the isotriplet 'Sy and 2P, waves,
one for the mixing of the isosinglet 3S; and ' P; states, and one for the mixing of nucleons in the 35;
configuration with the isotriplet 3P, wave. The # term yields a short-range potential in the form of the
isospin-conserving terms of Ref. [34]. Because the TV operator in Eq. (2I) is isoscalar and isospin
violation is a subleading effect in ChPT, for which the pionless EFT is the low-energy limit, the 6 term
does not contribute at leading order to quantities that violate both T and isospin. The two terms
contribute to 25— P; mixing and to 'Sy~ P, mixing, in equal way for the three I3 configurations. The
36,3 P, mixing vanishes at leading order, a fact that has important consequences for the estimate of the
deuteron EDM [28]. If &5 and e are different from zero, the qCEDM and the chiral-invariant TV sources
also contribute to isospin-breaking TV observables at leading order. The operator Cs; is proportional to
the third component of the total isospin of the two-nucleon pair, and thus it does contribute to ' Sy—3P,
mixing, but only for I3 = +1. Cs, is instead proportional to the total spin of the two nucleons, and it
is relevant to 3S;-3P; mixing, and, consequently, to the deuteron EDM. Only the qEDM produces full
isospin breaking in leading order.

A potential with just these five short-range terms was considered recently [47]. Five low-energy quan-
tities —such as the spin rotation of a polarized beam and the longitudinal polarization of an unpolarized
incident beam in neutron scattering on a proton target [46] at different energies— are needed to determine
the parameters ¢, ¢, C34,3¢, and Caa¢.

There is, however, an important extra ingredient that needs to be added at low energies: one-photon
exchange where one of the vertices originates in the nucleon EDM, as in Eq. ([0), see Fig. I This long-
range potential is particularly important for gEDM, since for this source the short-range interactions
have suppression by @em/47 from the hard photon, as can be seen in Eqgs. (B0), (EI), and (G2)). We find

Va@ = = [+ an i) (30 -52). L
_%e [(JO +dy) (Tél) n 7':52)) (3(1) _ 5(2)) +(dy — o) (Tél) _ 7352)) (5(1) i 3(2))} . q%,
(53)
where i
do1 = O <€50,3W> (54)

are the isoscalar and isovector components of the nucleon EDM. In principle, the coefficients JO_; in the
pionless theory are different from the short-range contributions to the nucleon EDM in the pionful theory
introduced in Eq. (@0)). However, since in the case of TV from the gEDM pion-loop contributions to the
nucleon EDM are suppressed [24], at leading order they exactly match.

The photon-exchange potential has the same spin/isospin components of the short-range potential
D), but it acts on all partial waves. While for the other sources this type of potential is important only
for very low momenta, for gEDM it is enhanced with respect to the short-range potential (47) by a factor
of Myue/R for @ ~ X, and it dominates throughout the regime of the pionless EFT.

In subleading orders more derivatives appear in two-nucleon contact interactions and photon exchange.
An important issue is the order where few-nucleon forces first appear. On the basis of naive dimensional
analysis, we expect them to be also of subleading order. In the PV TC case, this is confirmed for the
three-nucleon force by a more detailed analysis based on renormalization-group invariance [58]. Since the
powers of momenta involved here are the same, the same conclusion should hold. The potentials ([47)
and (B3) should then be sufficient for most TV applications of the pionless EFT.
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Figure 1: One-photon-exchange diagram contributing to the long-range TV two-nucleon potential. The
solid and wavy lines represent nucleon and photon, respectively; a square stands for the TV photon-
nucleon couplings in E(flz)Q)Tﬁ (0D, while the filled circle represents an interaction from ngng (@3). Only
one possible ordering is shown.

4 The TV Potential in Momentum Space

In processes involving momenta Q@ ~ M., which presumably comprise the bound states of most nuclei,
pion effects are important and pion degrees of freedom should be included explicitly in the theory. In
this section we use the interactions given in Sect. 2l to compute the TV nuclear potential in momentum
space for the TV sources of dimension up to 6.

In the lowest orders, the TV nuclear potential involves only two nucleons. We write the two incoming
momenta as p; = 16/2 + p and pp = ﬁ/2 — p, and the two outgoing momenta as pj = ﬁ/2 + p’ and
Py = 16/ 2 — p’. The TV potential in momentum space can be expressed as function not only of the
momentum transfer ¢ = p — p’, but also of the center-of-mass (CM) momentum P and of the variable
K = (p+p")/2: Vi =Vp(q, K, P). Expressions for the potential in the CM frame are obtained by setting

P = 0. Notice that although some of the terms below vanish in the CM frame, they can be relevant to
the calculation of the TV electromagnetic form factors of deuteron, or for calculations of T" violation in
nuclei with A > 2, where the interaction with the photon or other nucleons changes the CM momentum
of the nucleon pair.

4.1 6 Term

In leading order, the #-term nuclear potential comes from the OPE diagrams of Fig. B with TC and TV
pion-nucleon interactions taken from L(fog)zT and £§.1:)27T 4 in Egs. (I3) and (22)), respectively. The strong-

interaction vertex introduces a factor of gaQ/Fy, while the TV vertex brings in a factor go oc m2 /Mgcp.
As a result this contribution goes as M, 55 p and it is of order ¥ = 1. In momentum space, the expression
for the potential is simply

(1) _ 9490 ~(1) =(2) { =(1 (2 q
v/ _ZF_T%T().T()((,()_U()).W, (55)

which agrees with Ref. [29]. Just like the # term contribution to the potential [@7) in the pionless theory,
this OPE potential contributes to 'Sy—3P, and 3S;-! P, mixing, but not to the isospin-violating 35;-3P;
mixing. At this order, there is a single unknown TV parameter, go. Contrary to the PC, TC case [48]
and more like the PV, TC potential [56], pion physics is enhanced relative to short-range physics due to
the absence of a derivative in the simplest pion-nucleon TV interaction and the presence of one in the
simplest TV two-nucleon contact interaction.

Since in nuclei the OPE from the I = 0 pion-nucleon coupling gy is suppressed by the factor (N —Z2)/A,
it is interesting to pursue higher orders, up until the I = 1 pion-nucleon coupling g;, whose OPE is
not affected by such suppression, appears. This means up to v = 3, that is, including corrections of
0(Q? /Méc p) with respect to the leading TV potential. According to Eq. (I3), corrections at orders

v = 2,3 come from one-loop diagrams involving ﬁ(f0<)2 r and £§.1:)2_T 4, only, and from tree diagrams with
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Figure 2: OPE diagram contributing to the leading TV two-nucleon potential. The solid and dashed
lines represent nucleon and pion, respectively; a square stands for the TV pion-nucleon couplings gy in
55‘1:)27T4 22) or go,1,2 and 71 in E;A:’é?m 39), while the filled circle represents an interaction from Egvog)zj

(@3). Only one possible ordering is shown.

Figure 3: Box, crossed, and triangle TPE diagrams contributing to the subleading TV two-nucleon
potential. Notation as in Fig. 2] Only one possible ordering per topology is shown.

insertions of higher-order terms. The tree contributions come from the four-nucleon TV operators in
E(f?’:) T Eq. 7)), and from OPE diagrams in which either the TC or the TV vertices originate in the
power-suppressed f < 2 Lagrangians.

The most important loop diagrams are from TPE, depicted in Fig. Bl The T-odd pion-nucleon coupling
go and one of the strong-interaction vertices bring in a factor of goga/F2. The other two vertices of the box
and crossed diagrams of Fig. Bl are strong-interaction pion-nucleon vertices from Eq. ([T), and combined
with the (47)* from the loop integration, they yield the suppression factor g% /(47 Fy)* ~ 1/Mgqp. For
the triangle diagrams, the seagull vertex is the Weinberg-Tomozawa term also from Eq. (3], which
brings in a factor of 1/F?2 that, combined with the (47)? from the loop, also leads to a suppression of
1/(4nFy)?% ~ 1/M%CD. All these diagrams are thus of order MégD. Care of course has to be taken with
the subtraction from the box diagrams in Fig. [ of the iterated static OPE, which is infrared enhanced
and already included in the computation of wave functions at lower order. Following the procedure
described for instance in Ref. [506], the subtraction is accomplished by exploiting the identity

1 B 1
—v-k+ic  wv-k+ie

+278(v - k). (56)

When Eq. (B6) is used in place of one of the nucleon propagators in the box diagrams, the first term
on the right-hand side leads to a contour integral over the Oth component of the loop momentum, which
can be performed without picking up the nucleon poles and is free of the infrared enhancement discussed
in Sect. 2| while the delta function corresponds to the two-nucleon pole and must be discarded in the
calculation of the potential. For the crossed-box and triangle diagrams, instead, it is always possible to
avoid the nucleon poles, and these diagrams only contribute to the potential.

The TPE diagrams in Fig. Blare ultraviolet divergent. We regulate them in dimensional regularization
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in d spacetime dimensions, where divergences get encoded in the factor
2
L=———vg+In4n, (57)

where g is the Euler constant. We denote by p the renormalization scale. Proper renormalization
requires that sufficiently many counterterms appear at the same order to compensate for the L and pu
dependence of the loops. Indeed, here this dependence can be absorbed by the renormalization of the
contact interaction Cy from Lg[oi a0 B @), which we do by redefining it through

2

29490 1 2 I
Cy — Cy + =22 R W{(gg"‘_l) <L+lnm—w)+2(gA—1)] (58)

Note that we chose to absorb in C, some finite constant pieces. TPE does not renormalize the coupling
C1 at this order. With this redefinition, the contact interactions yield the short-range potential

Vy(@) = —% [C’l +Cy 7™ .;(2)] (5(1) _ 3(2)) 7 59)

which is formally identical to the leading # potential in the pionless EFT, Eq. (@T7). The couplings,
however, are different. We can see from Eq. (B8) that the natural size of the coefficients C; is, as
advertised, Hmi/FﬁMgCD, implying a suppression of QQ/M%CD with respect to TV OPE.

Once the divergent, short-range part of TPE has been lumped with the contact terms, we are left with
the non-analytic contributions of medium range,

~2G0ga 1 72 q? (1) = S S o

in terms of the functions

T(z) = ,/1”1n(f+\/1+x) 1:””B(x). (61)

§$
As the leading OPE potential, Eq. (55), the TPE potential is a function only of the momentum transfer
d- The scale of momentum variation is, as one would expect, 2m.. TPE and leading OPE share the same
spin-isospin structure, which means they can only be separated if we probe their different momentum
dependences.

A much richer structure arises from the remaining v < 3 contributions to the two-nucleon TV potential,
which come from the OPE diagrams depicted in Fig. @l Doubly-circled vertices in the first two diagrams
denote O(Q? /M 50 p) corrections to the TC and TV pion-nucleon couplings, given by the operators in the

Lagrangians £f<2 T £;1<22) 77> and 55‘32)2?4 found in Egs. (I6), (IT), @0), and 24). The last diagram is

proportlonal to corrections to the pion mass in E;QS)Q’T ;and £ f1<22 7 and to the nucleon mass difference

E(f1<22) T Note that, as we argue shortly, there are no further loop diagrams to consider explicitly.

Corrections that originate in the pion mass are closely connected to the leading OPE, Eq. (B5]). At the
order we are considering, the pion mass receives corrections from one-loop diagrams, which we absorb [18]
in the renormalization of the coupling Am?2 in Eq. (7). With the definitions of Eqs @@, @@, [@8), and
(@), the physical masses of the neutral and charged pions are, respectively, m 7'r0 =m2 +Am2 +dm?2 =
(135 MeV)? and m2, = m2 + Am2 + dm2 = (139.6 MeV)? [72]. The isospin-symmetric correction to
the pion mass can be accounted at v = 3 by substituting m2 — m2 + Am?2 in the leading-order TV
potential. Isospin-breaking corrections come from the different masses of the neutral and charged pions.
With the assumption aep, /47 ~ em3 /M%c p» which is numerically reasonable, the pion mass splitting is

dominated by the electromagnetic contribution Smi, which gives rise to a potential of order v = 2. The
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Figure 4: OPE corrections to the f-term two-nucleon potential up to order O(Q3/M%CD) The double
circles denote vertices in the A = 1,2 TC chiral Lagrangians, £f<2 + @0, £f<2 r; @0), and £f<2 7

@0). The doubly-circled square denotes vertices from the A = 3 TV Lagrangian, Ef:27T 4 ). Other
notation as in Fig. Only one possible ordering is shown.

quark-mass-difference contribution §m2 appears at v = 3, when one should also consider diagrams with
two insertions of (5m727. The sum of these components generates two structures, an isoscalar

(2+3) _ QOQA 2 (Smi)Q ~(1) =2 (=01 ~(2 q
and an isotensor
V(2+3)(4) gogA $m 2 —5m2 — (Smi)Q 3 M2 =) =2@) () _ @) . 7 . (63
5 (4 3F2 ms 7{12 e T5 T3 T T o o GErmie (63)

These isoscalar and isotensor components can be rewritten using the physical pion masses. The isoscalar
component, Eq. ([62)), can be obtained by using the physical values of the neutral and charged pion mass
in the leading potential, Eq. (B5). We can write

(2+3) .goga 2 1 (1) = o o .
R e -z AT LN CUIYL) R )

which, expanding in Smi and dm?2, reproduces Eq. (62). The combination of neutral and charged pion
propagators in Eq. (64 represents an “average” pion static propagator, which naturally appears in the
isoscalar contribution. Similarly, we can rewrite the tensor component as

243 .JogA 1 1 H .2 - S S . .
V0 =558 (e~ ) (90 70 7) (0 -0) 0 )

In applications to nucleon-nucleon scattering, this tensor component would contribute at low energies to
1So—3 Py mixing, affecting proton-proton and neutron-neutron (I3 = +1) and neutron-proton (I3 = 0)
scattering differently. It is worth stressing that, in contrast to phenomenological approaches, the isotensor
component coming from the @ term is not a leading contribution.

Corrections from the nucleon mass come in several guises. The use of a heavy-nucleon field ensures
that the large scale my appears always in denominators. In the isospin-symmetric limit the first effects
of my enter in the A = 1,2 TC Lagrangians, Eqs. (I8) and (I7), the A = 3 TV Lagrangian, Eq. (24]),
and, via the on-shell condition for the nucleons, the energy of the potential-pion propagator. They yield
relativistic corrections to the leading OPE with the same spin-isospin structure,

3), . = 3 9490 (o P2 1 (P3P \ () @ (20) = 7
V( )(qKP) F2m (KQ_FT_ZW T(l)'T(z) (U(l)—0(2))'ma (66)
N T

18



and with new structures,

@~ 2 By _ . gAG0 (1) =(2 1 5 (=) =@\ P ~(1) | =(2 %

P
+ig) . l(j’x <5 +K> } (67)

Note that in writing Eqs. (66) and (G7) we have omitted pieces that vanish due to energy-momentum
conservation for on-shell nucleons, which implies K- ¢ = p® — p" = 0. This potential includes the
contribution of the 1/my correction to g4 in Eq. ([{8). Naively, one would expect this correction to
contribute at order v = 2; however the interaction brings in a factor of v - ¢, which, for on-shell nucleons,
becomes v-q = - ]3/2mN, suppressing the potential by a further factor of 1/my. There is a subtlety in
this argument. When one performs the integral involving both OPE with a pion energy in the numerator
and another interaction in the potential, and picks the pion pole, one gets a one-loop contribution to the
potential. However, by power counting, such diagrams are suppressed by a further QQ/Mgcp. (This of
course does not preclude enhancements by factors of 7 that in principle might affect any ChPT loop, but
are hard to incorporate in power counting.)

Corrections to the nucleon mass can be removed from nucleon propagators by redefinitions of the
nucleon field. The chiral-symmetry-breaking correction to the nucleon mass, Amy in Eq. (I8), can be
absorbed in my, my — my — Amy, by a redefinition of the nucleon field of the same type of that which
eliminates the mass from Eq. (3] in the first place. The isospin-violating nucleon mass splittings dmy
and dmy can be dealt with the field redefinition of Ref. [54], which leads to Eq. [20). The corresponding
potential linear in dmy has a 1/my factor,

P
2. g+i¢V . g5@ . lq‘x (5 - K)

@)= 5 _ Gogaomy 1 ~(1) o =(2
‘/@e (q7K7P) - FE my q‘2+m% (T( ) XT( ))3
A P i =
—(1 —(2 =(1 =(2 g
(U()+”())'K+((’()_U())'(EJ“WP'QN' (68)

This potential has the right quantum numbers to produce 35,3 P, mixing, and therefore must be included
in a calculation of the deuteron EDM. In addition, there are terms quadratic in dmpy, which generate an
additional contribution to the isoscalar and tensor potentials in Eqs. (62) and (63]),

3 .9ogA - - D2 o . - S q
Vé(_’f)((j') = i3 om3% (27 . 73 (3T§ )7'35 )z -7(2))] (0(1) - 0(2)> : (@2 +m2)? (69)

Note that the electromagnetic correction to the nucleon mass, om ~, does not appear in the equations
above. The reason is that in Eq. ([20) it appears with a v - 97 factor, which again brings a v - ¢ and
consequently an extra suppression ~ Q/my. The contribution from dmy is thus next order. Up to such
higher-order terms, we can make dmy — dmy + 5mN = m, — m, in the expressions above.

Finally we arrive at contributions from v = 3 effects in the pion-nucleon vertices. At this order, several
contributions can be absorbed into redefinitions of the couplings g, go, and Co. One-loop corrections
to g4 do not introduce any non-analytic contribution and, for an on-shell nucleon, they renormalize the
coupling d4 in Eq. (I7) [80]. The operator with coefficient d4 gives rise to a potential like Eq. (B3], with
ga replaced by —gad4. For simplicity we absorb d4 in ga, ga — ga(l+d4). Similarly, the calculation of
the pion-nucleon TV form factor in Ref. [25] shows that the one-loop corrections to go do not introduce
any non-trivial momentum dependence, so they simply renormalize the coupling Agy in Eq. (24]). These
m?2 corrections to gy can be absorbed in it, go — o — Ago + godm2/m?2. As for the operators with

T

coefficients ¢4 in Eq. (I7) and 7 in Eq. (24)), they give potentials of the form

-2 2
~(1) =(2) { =(1 -2) » 4 1) =2) (=01 S2) » Mz (1) =(2) { =(1 (1 ~
1) #(2) ((,< ) _ >).qm__7< ).72) ((,< ) _ & ))'qmﬁ( ). 72) (U<>_(,< )).q, (70)
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which cannot be distinguished from those of g4go and Cs, and can therefore be absorbed into further
redefinitions of g4, go, and Co. Now the Goldberger-Treiman relation for the strong pion-nucleon constant,
grNN = 2mnga/Fr, applies without an explicit correction. If for the pion-nucleon coupling constant we
use gryn = 13.07 [81], then in the leading-order TV potential we should use g4 = 1.29.

The remaining contributions come from vertex corrections, both in the TV sector via the TV pion-
nucleon coupling 73 NN in Eq. (24)), and in the TC sector via the isospin-breaking pion-nucleon axial-
vector coupling 8M7r3NS”N in Eq. 20). We find

3 ¢ 1 = gOﬂl 1 2 N . N
Vid @) = FEFE {(9,491 - T) (T§ ) 47 >) (Uu) _ 0(2)) y
(o B2 (=) (0 77) 1) m

where we redefined g; to absorb the tadpole contribution g; — g1 + 2goAmydm2 /dmym2. The first
structure contributes to !.Sy—3 Py mixing. Being proportional to I3, the contribution vanishes in the case of
neutron-proton scattering, and is only relevant for proton-proton or neutron-neutron scattering. Because
of its isospin structure, it does not affect the 3S;-!'P; and 3S;-3P, channels, and, in particular, it is not
relevant for the calculation of the deuteron EDM. The second structure, in contrast, contributes to 35—
3 P, mixing, and, consequently, to the deuteron EDM. Its contribution vanishes in the other low-energy
channels.

Note that loop diagrams involving the leading S-wave TC four-nucleon operators and a TV pion
exchange all vanish. The analysis of Refs. [67, [68] showed that some higher-wave TC four-nucleon
operators are less suppressed than expected on the grounds of naive dimensional analysis, and they must
be included in the leading-order f = 4 TC Lagrangian. Loop diagrams with P-wave operators and a TV
pion exchange do not vanish. However, these diagrams do not depend on the momentum transfer ¢ and
they simply renormalize the couplings C; and Cs.

One can proceed in the same manner to construct higher-order potentials. At next order there are
further OPE and TPE, and also one-photon-exchange, contributions to the two-nucleon potential. There
is also the appearance of the lowest-order three-nucleon TV potential, which arises from essentially three
mechanisms: (i) a TPE component o< gago/myF2 involving a pion energy in a Weinberg-Tomozawa
seagull vertex; (i) a TPE component o< g4ho/F2 involving the seagull vertex from E;QZ)ZT@ Eq. @3);
and (i) a one-pion/short-range component o< ga%;/F? involving the short-range pion-two-nucleon inter-
actions from E(fi) LT Eq. ([28). The fact that, in the absence of an explicit delta isobar, the three-nucleon
potential first shows up three orders beyond leading is completely analogous to the TC PC case [50]. An
important difference is that, because of the relative enhancement of pion exchange compared to short-
range physics, the leading TV PV three-nucleon force does not include a purely short-range component.
Thus, this TV PV three-nucleon force is in principle determined by one- and two-nucleon physics.

4.2 Dimension-6 Sources

Our attention has been focused so far on the TV potential from the 6 term, in which case the vanishing
of g1 at leading order makes it important to consider subleading contributions. We now briefly turn our
attention to the TV potential from dimension-6 sources of 1" violation.

For all dimension-6 sources, the leading-order potential contains OPE of the form in Fig. Since
these sources all generate I = 0 and I = 1 pion-nucleon couplings of the same size, we have no motivation
to go to subleading order in the potential. The leading-order potential, which is a function of the transfer
momentum ¢ only, should be sufficient for most phenomenological applications. Of course, if needed,
subleading orders can be derived just as we have done for 6.

In the case of the qCEDM, the TV couplings go and g; both appear in the A = —1 Lagrangian, Eq.
(B9). As a consequence, the leading potential from the qCEDM has chiral index v = —1, and it has
both an isospin-conserving part, which is identical to Eq. (B8], and an isospin-breaking one. The leading
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potential is

(-1) gAQO —~2) {=(1 (2 q
VqCEDM(Q) = F2 ()'T()(U()—U())~72 2
gag1 (1) (2) = (1 = (2 (1) (2) (1 (2 q
+i5 [( + 73 )(U()—U())+(T3 — Ty )(o()—f—a())}-iQ m2.(72)

For the TV chiral-invariant (CI) sources, that is, gCEDM and TV FQ, the A = —1 TV Lagrangian
contains both pion-nucleon couplings and four-nucleon operators, see Eqs. [B9) and {I). The addi-
tional TV pion-nucleon coupling 7; produces a potential of the type (Z0), and thus can be absorbed in
redefinitions go — go + mfjl and Cy — Cy + 2g411 /Fﬁ As a consequence, the leading two-nucleon
potential consists of an isospin-conserving and an isospin-breaking one-pion-exchange contribution and a
short-distance piece,

(-1) _ gAQO ~(2) (=(1 = (2 q
VD@ = s =) T()((,()_(,()).m
.gAg 1 2 - - 1 2 o o q
+42F¥’(ﬁg)+7é))(Uu)_oim>_k(ﬁ§)_7é)>(Uu)+%#m)}.§2+4n%
_% {(jl 4 O™ .;(2)} (5(1) _ 5(2)) G (73)

The qEDM leading-order potential displays further new structures: in addition to the I = 2 pion-
nucleon coupling go in Eq. (B9), there is also the one-photon-exchange contribution shown in Fig. [
where one vertex is the short-distance contribution [{@0) to the nucleon EDM:

.94 2 (1) ) (30 _ g2 q
qEDM((j) = ’F_E(QOT() 72 4 gorg )(0()—0()>'m
JAGL[( (1) @) (201) _ = @)\ (=) . = q
Higpy (17 +77) (710 -50) + (47 - 77) (30 +59) | s
i (d +dyriV <2>) (5<1>—5<2>)-§
q

—i [(do +d1)( () +T(2)) (&< ) <2>) (d1 — do) (T§1> _T§2>) (5<1> +5<2>)} qji;
(74)

As for 0, at subleading orders the potential receives corrections from various mechanisms. For all
dimension-6 sources there are one-loop diagrams with the same topology as in Fig. Bl the square now
denoting go, g1 or go. There are also tree-level OPE diagrams of the type in Fig. d with subleading
TC and TV pion-nucleon vertices. For qCEDM and qEDM, the one-derivative four-nucleon interactions
in the Lagrangian ([@2)) have to be taken into account, while for TV CI sources one has to include all
the possible TV four-nucleon operators with three derivatives. For qEDM, one also needs to include
corrections involving photon exchange. This calculation proceeds along lines that are very similar to
Sect. {11

In the case of the 6 term, TV three-nucleon forces only appear at NNNLO, one order higher than
the accuracy of our analysis. For qCEDM and qEDM the situation is similar, but one might wonder
whether for CI sources, which appear to be more sensitive to short-distance physics, TV three-nucleon
forces are more relevant. However, also in this case it turns out that the three-nucleon potential is
a NNNLO effect. The lowest-order three-nucleon potential receives various contributions: (i) a TPE
component o¢ gago1/myF2 involving a pion energy in the Weinberg-Tomozawa vertex; (ii) a TPE
component o< g47p/myF2 involving a pion energy in the leading TV seagull 7o; (iii) TPE components
from TV seagulls in the A = 0 pion-nucleon Lagrangian, which we did not explicitly construct; (iv) a
one-pion/short-range component o< ga%;/F2, with four-nucleon operators that contain at least one pion
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field in the A = 0 Lagrangian; and (v) short-range six-nucleon operators, which also appear in the A =0
Lagrangian. From the power counting formula (I3]), all these three-nucleon contributions are suppressed
by three powers of Q/Mgcp with respect to the effects of the two-nucleon potential (73]) in the three-body
system.

5 The TV Potential in Configuration Space

The evaluation of T-odd observables in nuclear and atomic systems is often more easily carried out in
configuration space. In this section we give the TV nuclear potential derived in Sect. Hl in coordinate
space. We compare this potential with the literature in the next section.

In the two-body case, it is convenient to introduce the relative position of the two nucleons 77 = ¥ — 25,
their CM coordinate X = (Z;+,)/2, and the conjugate variables —iV, = —id/0F and —iV x = —id/0X.
Translation invariance constrains the potential to commute with v x and, therefore, not to depend on
X , so that in general the potential is a function of 7 and of the nucleons’ relative and CM momenta,
Vp = Vp(7, ﬁr, v x ). The relations between the potential in momentum space and in coordinate space
are detailed in the Appendix. Some care must be taken, and a regularization scheme has to be defined,
when computing the Fourier transform of functions that blow up as |¢’| goes to infinity, as is the case of
the subleading TV potential. As described in the Appendix, we follow Ref. [82] and define the Fourier
transform in d dimensions. We apply the d-dimensional Fourier integration of the momentum-space
potential before setting d = 4. This method eliminates naturally the divergent factor I'(2 — d/2) arising
from loops and yields a finite result. As we will see, the divergent behavior at large momentum translates
in a singular ~ 1/7* potential at short distances. Expressions in configuration space obtained with this
method are equivalent to the procedure based on old-fashioned perturbation theory [82].

In order to write the results of the Fourier transform we introduce a few functions of the magnitude
r = |F'] of the radial coordinate:

U(r) [2exp (—my+7) + exp (—myor)], (75)

~ 127

which reduces to the usual Yukawa function U(r) = exp(—mgr)/4mr when we ignore the pion mass
difference;

1
W(r) = — [exp (=mg=r) — exp (=mgqor)], (76)
4drr
which is entirely a consequence of isospin breaking; and the TPE functions
X(r) = __r /1 dz (3 + 3Br + B°r?) exp(—pr) (77)
Ar (2 F)%r3 J, ’
1 1
Y(T) W ‘/O dx (1 + ﬁ’f’) exp(—BT), (78)

with 2 = m2 /z(1 — ).

5.1 6 Term

The Fourier transform of the leading OPE potential including the corrections from the pion mass (64])
and from the nucleon kinetic energy (G6l), is

1 243 3o S goga - - - -
VO 4 VED )+ VO 9, Tx) = -z 70 (500 5@).

s

(ﬁ U(T)) <1 * 4?%) * {2ZLN {2ZLTN (6TU(T)) }} + % (ﬁ TU(T))

» (79)
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where {---,---} denotes the anticommutator. The remaining pion-mass correction, Eq. (), is

(243) (= _ 90gA M_2) =1 =@) (=0 _ =22 (<
V&b (7) —3F7Z (37'3 T3 T T ) (O’ o ) (VTW(’I”)), (80)

while the Fourier transform of the other relativistic corrections to the leading OPE, Eq. (1), is

IS Joga R . R = - -
VA7V, Vx) = —WT“) 7@ [(a“) —a<2>) Vx (VTU(r)) Vx

+ (70 +5®) {9, (VU0) - Vx}
+2ie% (o 1@ a<1>la<2>i) (VLVEU(r)) VI
—i—iaijk( Wig@1 4 a1 )(vlv’“ () vg’(}. (81)

The nucleon mass-splitting corrections in Eq. (G8) become

V7V, Vx) = —i%olgg ‘i:—]]vv (FOx7@) [(6V+6®) - {V,.Um)}
n (5“) - &@)) : (U( Wy — m— (v Vi U(r )) vix)] : (82)

while those in Eq. (69) read

o goga om3 [ S 1 S S S S >
1/'0—(7?;)(7“) = BE2 m:’ [ W.7@ _ 3 (37'351)7'?52) — 7M. 7'(2)):| (0(1) - 0(2)) : (VT T‘U(T)) . (83)

The last OPE terms, Eq. (1)), are
(3) _ goga (v B D, @) (=1) =
i - 35[(3-2) ) (-

+( 2691) ( ;Y (2)) ( W+ *(2))} (ﬁTU(r)). (84)

Finally, the Fourier transform of the TPE potential in Eq. (G0) reads

V() = 9%9;‘ O ) (5<1> _a<2>) : [ﬁ (243X (r) —Y(r))} . (85)

The potential in Eq. (&%) is singular, and the cutoff dependence it introduces in the evaluation of matrix
elements and observables is absorbed by the renormalization of C5 in the short-distance potential (5J)),

L= | A -1 = o o = "
Ve*(,?é)R(F) =50+ Cyp7 ™) -Hﬂ ((,u) _ 0(2)) . (Vr 5@ (T)) , (86)

5.2 Dimension-6 Sources
At leading order, the potential from dimension-6 sources is local, and depends only on the relative position
7.

In the case of the qCEDM, since the potential arises from one-pion exchange, its radial dependence is
encoded in the Yukawa function U(r),

qCEDM(_J) = g;%A 71 722 (5(1) — 5(2)) ) (ﬁr U(r))

_5;11?,24 [(7951) n T§2)> (5(1) _ 5(2)) " (Tél) _ T§2)) (5(1) + 5(2))} . (ﬁrU(T)> .(87)
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For CI sources, there are additional short-range contributions,

ik = IR0 20 (30 20 (Y, 0(m)
B+ ) -0 (8 ) (0 ()
+5 (G4 Cor 73] (30 -5 @) . (¥,60(7)). (88)

The potential from the qEDM is purely long-distance: in addition to pion exchange of range ~ 1/m.,
there is a longer-range component from photon exchange,

vq%g)M(f; - _% (g 7). 7@ 4 g, <>)( 1) _5<2>) . (ﬁTU(T))

_leg‘;‘ [( + 7 ) ( #<2>) (T§1> _T?§2>) (5(1) +3<2>)} . (ﬁrU(T))
[do + leé ) (2)} (5(1) — 5'(2)) . (ﬁr ﬁ)

—I—Z [(Jo +dy) ( @y (2)) ( M _ 5(2)) + (dy — dyp) (7'3(1) - Téz)) (5(1) + 5(2))}
: (ﬁTﬁ) . (89)

The various sources thus involve different spin, isospin, and radial dependences. We discuss some
implications in the next section.

6 Discussion

Traditionally the study on T violation in nuclear physics has been carried out by considering the most
general pion-nucleon non-derivative couplings in a phenomenological TV Lagrangian [31], which we write
in our notation as _ _ _
90 5= = g1 Y 92
Ly non = _F_,,NT TN — F_,,W?’NN — F—7T3NT3N, (90)

™

and by inferring from it the TV two-nucleon potential [30],

V() = —%{[(gm—g;) 20 2 9 ; ( 1) +T§2)) +%(3T§1) 72 M .;(2))}
(5<1> _ 5<2>) n % (T3<1> _ T3<2>) (5<1> n 5<2>)} . (6(](7«)) : (91)

with U(r) defined in Eq. (78). When short-distance contributions are included in the model, the most
general TV two-nucleon local potential with the minimum number of derivatives assumes the form [35]

2
+ (350 o) - 7 2®) yy( ] ((1) 7P) (60 +5®) v (92)

Vean@® = (50 =5) 9 lto(r) 470 7O%() + 3 (7 + 77 ) th 0

in terms of five radial functions Uy 1(r) and Vo 1 2(r). These functions are assumed to originate in one-
boson exchange [32], B3] [34]: pion exchange is taken to give long-range contributions to Vo, (Vy + U1 )/2
and Vs, while eta, rho and omega mesons give shorter-range contributions to the same quantities, and to
Up and V; —U;. The five momentum-independent potentials in Eq. ([@2)) are treated on the same footing,
and they provide enough information to describe the five S—P mixing amplitudes discussed in Sect.

24



For TV stemming from the QCD 6 term, the proper account of chiral symmetry radically changes the
picture. As noticed in Ref. [20], at leading order the 6 term generates only the isoscalar pion-nucleon T-
odd coupling go, and thus contributes at tree level only to the I = 0 potential [29]. A coupling of §; form
appears two orders down in the ChPT expansion, and the one of go form is even more suppressed [25]. To
evaluate the effects of the § term on observables which, like the deuteron EDM, are mostly sensitive to
the I = 1 components, it is necessary to consider the TV two-nucleon potential to next-to-next-to-leading
order in ChPT. As described in Sect. [ this implies the consideration not only of the non-derivative
pion-nucleon TV couplings, but also of subleading TV derivative couplings, of power-suppressed TC
interactions (with particular care for isospin-breaking operators, which contribute to the I = 1 and I = 2
potentials), and of one-loop and short-range contributions to the two-nucleon potential. When all these
elements are considered, the potential has a much richer structure than Eq. (@2)): (i) a hierarchy emerges
between the five spin-isospin structures already present in Eq. ([@2), and (ii) momentum-dependent
potentials appear, with the same importance as most of the momentum-independent ones.

We first analyze the implications of our  results to VT,min(F)' Using the chiral index v, as defined in

Eq. (3), to keep track of the size of different pieces, the 6 contributions to Eq. ([@2]) are

V() = —g;;?) u(r), (93)
V(3)(T) __94a90 202X (r) — Y (mn —my)? U C é(r) 94
0 = 72 gaX(r) (7")4'737% rU(r)| + 25,3 (94)
5

uUd ) = + 87(;)2, (95)
W = (5 )0 o
U = (2 B, (o7
V) =+ [ e ) < wi) (98)

where U(r), W(r), X(r), and Y (r) are defined in Eqs. (3, (76), (T7), and (78)), respectively. In Eq. ([@3)
the use of the definition (78] to express Vél) in terms of the physical pion masses introduces subleading
corrections in the v = 1 term, which strictly speaking would use a function U(r) that only depends on a
common pion mass, say the neutral one, Uy(r) = exp(—mor)/4wr. In Eqs. ([@4)-(@8) we can neglect the
pion mass difference in U(r), and use Uy(r), the error thus introduced being at higher orders in the ChPT
power counting. Similarly, in Eq. (@3)) the use of g4 and gy with their m?2 corrections included accounts
for some v = 3 corrections, while whether or not such m2 corrections are included in Eqs. (@4)-(08)
is beyond the order we consider. In Eqs. ([@4) and (@8) we replaced dmy, the quark-mass-difference
contribution to the nucleon mass splitting, with the physical value of the nucleon mass splitting itself,
my, — my, the difference again being a higher-order contribution in ChPT.

As one can see, at order v = 3 in ChPT all the possible spin-isospin structures considered in Refs.
[35, 32, B3], 4] appear. The dominant component is the isoscalar Vy [29]. In Figs. Bl and [6] we plot,
respectively, the momentum-space and configuration-space expressions for VVy. The dashed line repre-
sents the leading-order VVél), Egs. (64)) and (79) with the use of the definition (5] for U(r) to express

Vél) in terms of the physical pion masses. The dashed-double-dotted line illustrates the effect of the
difference between the leading OPE potential computed with the function U(r) and with Up(r). Other

isospin-breaking corrections, which come from the nucleon mass splitting in Vég), Egs. (69) and (83), are
very small, as indicated by the long-dashed-dotted line barely distinguishable from the z-axis. At next-
to-next-to-leading order, Vy also exhibits a medium-range component originating in TPE diagrams and
a short-range component. The dashed-dotted line depicts the non-analytic piece of the TPE diagrams,
Egs. (G0) and (85). We estimate the short-range potential by assuming the coefficient Cy in Eq. (53]
to be dominated by the Inu?/m?2 term with u = my. The rationale is that there is no obvious reason
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Figure 5: Components of the f-term two-nucleon potential |7'|Vo, in units of gago/F2m, as a function
of the transferred momentum |¢’|, in units of m,. The (blue) dashed line denotes the leading-order OPE
contribution with physical pion masses; the (orange) dashed-double-dotted line shows the effect of the
pion mass difference on the leading OPE contribution; the (dark green) long-dashed-dotted line accounts
for the even smaller effect of the nucleon mass splitting; the (purple) dashed-dotted line is the non-analytic
TPE contribution; and the (green) dotted line presents an estimate of the short-range component of the
potential. The (red) solid line is the sum of all contributions up to next-to-next-to-leading order, except
for the short-range component.

to expect that such a contribution, non-analytic in m,, should get exactly canceled by m-independent
short-distance contributions. However, the sign cannot be guessed reliably and our choice is purely ar-
bitrary, for illustration only. Equation (B9) gives rise to the straight dotted line in Fig. Bl but Eq. (84)
does not appear in Fig. [6] since it is concentrated at » = 0. The solid line in both figures is the sum of
the long and medium range contributions to V1.

From Fig. Bl we can appreciate that, as expected from the ChPT power counting, the medium
and short-range corrections to the TV potential have comparable size in the momentum range we are
considering, and for momenta g 2 m, they noticeably affect the leading order. At momenta of order 300
400 MeV the medium and short-range contributions have roughly the same size as the leading potential.
In this region, degrees of freedom which we have not explicitly included in the EFT, like the A isobar,
become relevant, and the convergence of the perturbative expansion can be improved by extending the
EFT to incorporate them. Isospin-breaking, long-range corrections, although of formally the same order
as TPE and contact terms, are much smaller, at least in part because of factors of €, except at very small
momenta where their longer range compensates. In Fig. [0l we focus our attention on the long-distance
region, 1 > 1/m,. At distances of up to r < 2/m, TPE is still the dominant correction to the potential,
but it is overcome at longer distances, r 2 2/m, by the long-range effects of pion mass splitting in OPE.

It is instructive to compare our results for V) to the corresponding TV potential obtained in a one-
boson-exchange model. In such a model, T violation in the coupling of a rho meson to the nucleon
generates corrections to Vy of the form [33] [34]

mpT

9ago 9oNN GoplFr €™
Vép) (r) = — p p

99
F?2 g-nn Go Amr’ (99)
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Figure 6: Components of the f-term two-nucleon potential VV, in units of gagom?2/4mF2, as functions

of the distance between the two nucleons r = |7, in units of 1/m . Curves as in Fig. 5] except that the
short-range component of the potential is not shown.

where g,nn is the TC rho-nucleon vector coupling and o, is an isoscalar, TV, one-derivative rho-nucleon
coupling, defined, for example, in Ref. [34]. In the limit where the rho mass is large, m, — oo, Vép ) (r)
approximates a delta function and the effect of TV rho-exchange amounts to a contribution to Cs of the

form B B
9a90 gpNN JopFr 1

FZ g=nn Go m3

clP) = —2 (100)
Since m, ~ Mgcp and there is no reason for go,Fr/go to be particularly big or small, the size of rho-
meson contribution is comparable to the power-counting expectation, Cy = O(fm?/ FfMgCD), with
some suppression coming from the numerical smallness of the TC rho-nucleon vector coupling compared
to the pion-nucleon coupling. Assuming the TV pion-nucleon and rho-nucleon couplings to have the same
strength, go,Fx/go = 1, and using for the rho-nucleon vector coupling the value determined in modern
high-precision two-nucleon potentials, g,nvn = 3.2 [83], in Fig. [l we compare the rho-meson contribution
to VVp to the pion-mass-splitting and TPE medium-range corrections discussed above. For r 2 1/m.,
the contribution of the rho meson is numerically small compared to both pion-mass-splitting and TPE
corrections. At shorter ranges, r < 1/m., rho exchange overcomes the effect of pion mass splitting, but it
always remains smaller than TPE. Of course we can make one-rho exchange more important by jacking
up GopFr/go, but we cannot compensate for the different ranges of the two contributions, m, versus 2m..
We see little justification for neglecting TPE in the 6 potential.

We now turn to the other spin-isospin structures in Eq. (02)), which in EFT are all suppressed by
one power of Q2 /M(%C p Wwith respect to the leading OPE TV potential. The function L{ég) only receives
contributions from short-range physics. Again, in a one-boson-exchange scenario, contributions of exactly
the size of C'; come from eta and omega exchanges [32} 33} [34],

~(nw 7] gontr 1 w GowFr 1
Of"’ ) _ 29A90 <9nNN gont'= 1 GuNN go ) , (101)

F2 \gznN Go ™3 gznn Go ™2

where m,, (m,,) is the eta (omega) mass, gynn (gwnn) is the TC eta-nucleon axial (omega-nucleon vector)
coupling, and go, (gow) is an isoscalar, TV no-derivative eta-nucleon (one-derivative omega-nucleon)
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Figure 7: Comparison between one-rho-exchange and EFT contributions to the magnitude of the @
potential [VVy| in units of gagom?2/4nF2, as functions of the distance 7, in units of 1/m,. The rho-
exchange contribution is depicted as a (blue) long-dashed-dotted line, while TPE and pion mass splitting
in OPE are as in Fig.

coupling. The eta- and omega-meson contributions are comparable to the power-counting expectation
Cy = O(@m2/ F,%M%C p). For the eta meson, the enhancement due to the relatively light mass is offset
by the smallness of eta-nucleon TC coupling, g,nn = 2.24 [84]. The ratio gonn/grnn is instead close to
one [83], and, therefore, we have no reason to expect the omega-meson contribution to C to differ much
from the power-counting estimate.

In contrast, Vl(g), Z/{l(g), and V2(2+3) sprout entirely from OPE. The TV, isospin-breaking coupling g;
contributes equally to V; and U, as expected [30] from the identification at the Lagrangian level, cf.
Eqgs. (24) and ([@0). However, we expect a comparable long-range piece in U; — V;, which stems from
the combination of the isospin-violating vertex 8; and the TV vertex go. As discussed in Ref. [25],
strong-dynamics contributions to the coefficients of these I = 1 potentials are in principle determined
by measurement of TC, isospin-breaking observables. For example §;/go could be extracted from a
detailed analysis of isospin-breaking effects in pion-nucleon scattering. At present, however, even the
very sophisticated, state-of-the art analysis of Ref. [85] stops one order shy of the accuracy required
for such extraction. Similarly, the ratio 81/ga affects isospin violation in nucleon-nucleon scattering,
but at present phase-shift analyses of two-nucleon data can only provide a bound on [y, which is in
accordance with the power-counting expectation [51], [52]. In the absence of better constraints on the

parameters in Eqgs. (@0) and (@7), the ratios V§3)/Vé1) and Ml(g)/Vél) can only be estimated by power

counting, as O(amfr/MéCD) ~ 1%. As for the last component of the phenomenological potential, V2(2+3)

originates entirely from the isospin-violating corrections to the pion and nucleon masses, and it is also
relatively small. Note that to this order this component has nothing to do with the coupling g» of a
phenomenological Lagrangian: because of the isoscalar character of the @ term, Eq. (2I]), g arises in
EFT only at higher order.

In one-boson-exchange models the I = 1,2 potentials are assumed to arise from pion, eta, rho, and
omega isovector and tensor TV couplings to the nucleon [32, [33] 34]. In the ChPT power counting,
short-range contributions to these potentials are suppressed with respect to the long-range pieces, again
because of the isoscalar character of the # term. (Of course, because of the factors € in the long-range
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contributions of this order, short-range terms might not be entirely negligible.) This is consistent with
the argument that the dominant meson-exchange contributions are from the pion and the eta [32].

There are, therefore, a few points of contact between the local part of our v < 3 potential and the
phenomenological potential VT,min(F) [©@2). However, as we have seen in Sects. @land Bl at this order EFT
yields also momentum-dependent interactions, which in coordinate space appear as non-local potentials
and corrections that account for CM motion of the nucleon pair. They can be found in the relativistic
and isospin-breaking corrections to OPE in Eqs. (@), (&), and (82)).

At v = 3, the 6 two-nucleon potential contains in the CM frame, P= 0, four spin-isospin structures
that are momentum-dependent,

- Ag N N - - i =
VT,more(Tva) = %T(l) ! 7(2) |:(U(1) - 0(2)) ' {pra {prv VTU(T)}}
N+ m

_g (V20 () (50 x5 -5+ (79 x 5<2>)m (v;nviU(r) - %ymﬁiU(r)) pi]

Go 0
+9353N?2N (;(1) x F(2>)3 (5(1) n 5@)) AP U}, (102)

where p,. = —iﬁr denotes the quantum-mechanical relative momentum operator.

The structure of the momentum-dependent TV potentials was considered previously in Ref. [35], where
all possible Hermitian operators were constructed, which violate time-reversal and parity, and contain up
to one power of momentum p,. The momentum-dependent TV potential was parameterized with eleven
unknown functions d;(r), ¢ = 1,2...,11. The first term in Eq. ([I02) is quadratic in the momentum
operator and was not considered in Ref. [35]. The second and third spin-isospin structures correspond,
respectively, to the isoscalar functions dz(r) and dg(r). For TV from the QCD 6 term, these two functions
are therefore dominated by pion-exchange, and their coefficients are fixed by Lorentz invariance and do
not contain any new TV parameter. Isospin-breaking effects in the strong interaction give rise to the last
term in Eq. (I02), which is proportional to the nucleon mass difference, and it is the first contribution
of the @ term to djo(r). Once again, dio is dominated by OPE diagrams, and the only TV parameter
intervening is go. We find that, at order v = 3 in ChPT, the other isospin-conserving (the isoscalar dy
and ds) and isospin-breaking (ds, d4, dy, dg, dy and di;) functions do not receive contributions from 6.

In order to get a sense of the importance of the momentum-dependent contributions, we consider the
effect of the relativistic correction in Eq. (I02) that is quadratic in p,. In Fig. Bl we compare it (long-
dashed-dotted line) to leading OPE (dashed line), medium-range TPE (dashed-dotted line), and pion
mass-splitting corrections (double-dotted-dashed line), all applied to a simple bound-state wave function
with the scale present in the 'Sy channel, a, = —23.714 fm:

P(r) = p(-r/a:) TT/ %), (103)
In this qualitative example the relativistic correction cannot be neglected with respect to the other v = 3
corrections, and we take Fig. [ as an indication that also in actual calculations of TV observables it
would not be advisable to drop the potential in Eq. (I02), when the 6 potential is needed to next-to-
next-to-leading-order accuracy.
Finally, to the same order we find contributions proportional to the CM momentum of the nucleon
pair,

L L 03 AG0 - - - - L (e 35
Viou(Fpn, P) = %r(l) L 22) {(0(1) i 0.(2)) . {pm (VTU(’I”)) .p}
N+ m

L (J(l)ia(z)l + 0(1)10(2”) (VinU(r)) p’
+ (70 - 5@). [2 (V0m) P2+ B (Y001 - Pt (P9, (wym)”

+% (7?(1) % 7?(2))3 (&(1) - 3(2)) . [U(r)ﬁ - mi,r (67« v TU(T)) PZ] , (104)
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Figure 8: Comparison between a relativistic correction to OPE and local components of the 6 two-
nucleon potential VVy applied to an illustrative bound-state wave function 1, in units of gagom? /4w F2,
as functions of the distance r, in units of 1/m,. The (dark green) long-dashed-dotted line represents the
term in the potential that is quadratic in momentum. Other curves are as in Fig.

where P = —iV x. Although the operators in Eq. ([I04) vanish in the two-nucleon CM frame and are
not important for the study of T violation in nucleon-nucleon scattering, they impact observables like
TV electromagnetic form factors of the deuteron, where the recoil against the photon changes the CM
momentum of the nucleon pair, and they have to be considered in nuclear systems with A > 2. An
example of the effects of recoil on TC deuteron processes can be found in Compton scattering [86].

At leading order, the dimension-6 sources of TV only contribute to VT,min(F)a the two-nucleon potential
with minimal number of derivatives, in Eq. ([@2)). Combining all these sources,

U )~ 16 ;(Tg %7 7 (106)
W) = L+ LA (107)
R R == (105)
W) = DBy (109

where
o for qCEDM, vpin = —1 and only the go1 terms apply;
e for TVCI sources, vyin = —1 and only the go 1 and Ci 2 terms apply; and

o for qEDM, vpin = 2 and only the go 1,2 and JO_; terms apply.
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In the case of the qCEDM, the potential is thus dominated by OPE, with shorter- or longer-range
contributions expected to be small. For the gCEDM and the TV FQ operators, short-range effects are
also leading; as for @, these can be parametrized by rho (see Eq. (I00)), and eta and/or omega exchange
(see Eq. (I0I)). Only for gEDM all components of Vi i, (7) appear in leading order thanks to both the
most general non-derivative pion-nucleon coupling structure, and to the long-distance potential stemming
from the nucleon EDM. The latter cannot be well approximated by heavy-meson exchange.

7 Conclusions

The power-counting scheme of EFTs allows us to organize the contributions to the potential in powers
of MééD. The TV PV potential has an ordering that has similarities with the TC PV potential [56]: for
all TV sources of dimension up to 6, the leading potential contains one-pion exchange. For T violation
from the 6 term and from the quark chromo-EDM, the relative importance of two-pion exchange and
shorter-range interactions follows the TC PV case closely. However, the situation is different for the quark
EDM, the gluon chromo-EDM and TV four-quark operators, where contact interactions or one-photon
exchange are relatively more important.

For T violation from the § term, at leading order, O(Q/Mqcp), we find only the well-known OPE
from the I = 0 pion-nucleon TV coupling [29]. The OPE from the I = 1 pion-nucleon TV coupling is
suppressed by two orders in the expansion parameter and is of O(Q? /M%c p)- Since the I = 0 OPE is
suppressed in nuclei, higher orders in the potential could be important. We have thus also examined the
corrections in the next two orders, which are up to O(Q*/Mgp) relative to leading. We have found
that the potential is purely two-body, and:

e At the longest, one-pion range, there are more general vertex corrections than usually assumed. We
employed the results of Ref. [25] where the TV pion-nucleon vertex was examined to this order.
In addition to the qualitatively different I = 1 pion-nucleon TV coupling, there are corrections to
the local potential stemming from isospin breaking in the pion and nucleon masses, and in the TC
pion-nucleon coupling. There are also recoil (o< 1/my) and relativistic (o< 1/m3%;) corrections to
leading OPE, which make the potential non-local and dependent on the total momentum of the
nucleon pair.

e At this order, we find, additionally, two-pion exchange from the I = 0 TV coupling. The non-
analytic, medium-range part of the TPE potential is independent of the choice of fields and regula-
tors. Like the leading OPE potential, this part of the TPE potential has as only (so-far) unknown
quantity the I = 0 TV pion-nucleon coupling. Under reasonable assumptions about the strengths
of TV couplings, this potential is stronger, and has a different radial dependence, than phenomeno-
logical one-meson-exchange potentials. The main effect of TPE is to modify the potential in the
same channels as the leading OPE potential.

e The short-range part of the TPE potential, on the other hand, cannot be separated from contact
interactions, the most general form of which we also write at this order. They are two of the terms
given in the literature [34]. In the context of a theory without pions, this implies a contribution to
only two of five possible S—P transitions. When pions are included explicitly, the short-range terms
are expected to be of the same size as TPE, and thus their strengths depend on the renormalization
scale. They subsume short-range dynamics that includes the effects of heavier mesons, but whether
such effects are sufficient to saturate them is unknown.

The structure of the resulting potential is therefore significantly different than the phenomenological
potential used in the literature, due to the specific way in which the # term breaks chiral symmetry.
If consideration of short-range dynamics or I = 1 OPE is necessary, one should also include the TPE
potential and OPE corrections calculated here.
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For the dimension-6 sources, the I = 1 pion-nucleon coupling appears already in leading order,
O(Mgcp/Q) for qCEDM and chiral-invariant sources (gCEDM and TV FQ) and O(Q*/Mpp) for

gEDM. The structure of the TV potential is thus different from that of 8, and depends on the source:

e For qCEDM, it contains only OPE with the well-known I = 0, 1 non-derivative pion-nucleon cou-
plings.

e For CI sources, there are, additionally, two contact interactions of the same type as found at next-
to-next-to-leading order for 6.

e For gEDM, OPE from the three (I = 0,1, 2) non-derivative pion-nucleon couplings is accompanied
by one-photon exchange from the nucleon EDM.

Therefore, for all sources we have considered (6, qEDM, qCEDM, gCEDM, and TV FQ), the TV
nuclear potential presents more structure (spin, isospin, and/or distance profile) than assumed in the usual
phenomenological approach. EFT offers a framework where the calculation of nuclear TV observables
can be carried out in a model independent way and characterize the low-energy manifestations of possible
TV sources.
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Appendix: Fourier Transformation to Configuration Space

In general a potential obtained in EFT depends not only on the transferred momentum ¢ but also on K ,
and the CM momentum P, V(q, K, P). The Fourier transform of such a potential is defined as

2 3 d3K d3P d3q B Y_ Y/ SgF o o) i =y =) [
V7. X. X' :/ / / —iP(X-X") —iK-(F—7") ,—+q-(F+7 )V 7K. P 110
XX = [ i | Gap ) Gy ‘ © (AP, )

where, if #1 and #5 are the positions of the incoming nucleons and Z{ and #; the positions of the outgoing
nucleons, the relative coordinates are ¥ = Z1 — 9 and ¥/ = #{ —Z4, while the CM position of the incoming
and outgoing pairs are 2X = 7 + & and 2X' = Z{ + 4. The potential in Eq. (II0) has to be used in a
two-nucleon Schrodinger equation of the form

z'%w(w,)?’) =- <fﬂffN + Z—l) W, X') + /d3F/ EPXV(FF X, X )7, X). (111)
For potentials that, like the ones in Sect. Ml are polynomials in K and ﬁ,
V(q,K,P) o K"P"(q), (112)
V(7 F’,X,X') assumes the form
V(7 X, K)o (Vd@ (X = X)) (Ve (7= 7)) f (%) , (113)

where
d3q

f(?*)—/(%)gei‘?’* f(@). (114)
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Plugging Eq. (IT13)) in Eq. ([III)), and integrating by parts, the derivatives acting on the delta functions
can be turned into derivatives acting on f and on the wave function (7, X). The integrals in Eq. (1)
then become trivial, and the Schrodinger equation assumes the form

221/)(7?/ )‘(’/) _ 6%/ i 672«/ 1/)(7?/ )?/)+V(F/ 67“' 6X/)1/}(7?/ Xv’/) (115)
5t ’ 4mN my ’ ’ ) ) ’

where the two potentials in Eqgs. (IT1I)) and (II3) are related by integrations by parts. For a potential of
the form (I12), schematically we would have

. - Vi Vi
v O o o { T { e g b v (116)
where the indices %;, ..., %, are appropriately contracted.
In order to obtain the potential in configuration space for functions that diverge as the momentum
transfer |g] goes to infinity, one has to define a regularization scheme. Here, following Ref. [82], we find it
convenient to extend the definition of the Fourier transform (I14) to a space-time of d = n+1 dimensions:

V(7)) = /é%;’ne“” V(7). (117)

The amplitude V(§) is the expression in momentum space of corresponding loop contributions right after
the d-dimensional integration over loop momenta is performed, but before setting d = 4 or performing
the integration over Feynman parameters. Writing

n—3

d"q=q"'dg(1 —cos? )"z dcosfdQ, 1, (118)

the angular integrations are evaluated with the aid of the formulas

n—1

2m 2
A1 = ——~, (119)

/ (%)

and .
27Tn; ! 2 22 —igrcos® K 1-z
W/ dcosf (1 —cos” )z e 9" = (27)2 (qr) 2Jg_1(q7°), (120)
5) S

where ¢ = ||, r = |F|, and J,,(x) denotes a Bessel function of the first kind. For momentum integrals, a
useful relation is [87]

m

< Jaoalgr) N N L
dag* —— === \3 T Kz (Br), 121
/o 1 (@2 +pB2)" 7 (2) T (mon) (Br) (121)

where f is a constant and K, (x) is the modified Bessel function of the second kind.
For example, in the case of the triangle diagrams discussed in Sect. [,

3—n
= gago (4mp®) "=
V, = —

n—3

3— n) /01 do [m2 + ¢zl —2)] 7 . (122)

FU ) (G0 _ 5. g1 <

For m = 3 and 32 = m2/z(1 — x), the result in Eq. (IZI) allows one to cancel the divergent factor of
I'((3 —n)/2) in Eq. (I22) and get an expression that is finite for r # 0. Now we can set d = 4 and
with the aid of the properties of modified Bessel functions [87] we can write the potential in configuration
space as

940 1 - . =
Va(T) = on (2nFy )2 M. (W —5®). v [

™

/1 dz(1+ Brye P . (123)
0
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The contributions from box and crossed diagrams can be obtained in a similar fashion, leading to the
result in Eq. (83).
Alternatively, we can isolate the short-range, divergent part of the interaction with integration by
parts. In Eq. (I22)), for instance, we then obtain
3—n

2

9400 (mEP) T ) o) 2(1) _ =(2) o
VA(Q) - ? FTE (27TF77)2 T T (U o ) q

[F <3 p n) my AT (5 7 n) /01 o [m2 EQ;(:(;_QJZ)] 3" ] ' 124

The first, divergent piece in Eq. ([I24) is a contribution to a delta-function potential. Applying the
d-dimensional Fourier transform to Eq. (IZ4) and taking the d — 4 limit we find

ﬂ gag 1 - = =
Valr) = Fﬁo (27TF71—)2T(1) T2 (G -5V
2 1
(3) (= 1% _ 1 / 1 -2z 2 _Br
[(5 (7) (L +1In _mfr> - | d:v—l — B e , (125)

where L is given in Eq. (B7]). Proceeding in this way also for box and crossed terms, we find that Fourier
transform of the TPE potential can be expressed as

— gAg 1 - - = /L2
vE () = F2° me AN O O v {—5@@ [(3934 -1) <L +In W) + 29?4]
1/t 3 1—2z
— | dx g% (4- - 2e=Br L 126
+47r7° 0 x{gA< 2$(1—$)) 1—:6}[36 } (126)

The piece proportional to the delta function can then be absorbed in a redefinition of Cy very similar to
Eq. (B8), the only difference residing in the finite pieces. Integrating by parts, it can be explicitly verified
that the non-analytic piece of the expression (I26) gives the medium-range potential in the form of Eq.
(&5).

As a further check of our results, we computed the Fourier transform of the triangle diagrams with
a Gaussian regulator exp(—q?/A?), for different values of the cutoff A. The calculation was performed
numerically with Mathematica [88] and we focused on the region r > 1/m,. For A ~ m,, the result we
get is still quite different from the Fourier transform obtained in dimensional regularization, but as we
increase the cutoff to 1-2 GeV, it approximates Eq. (23] better and better.

As pointed out in Ref. [82], in the d-dimensional Fourier-transform procedure the infinities are “regu-
larized” away because the nucleon distance is kept finite. The ultraviolet divergences and the regulator
dependence are now hidden in the singular behavior (~ 1/r?) of the potential for small r, which forces
the reintroduction of a regulator in the calculation of matrix elements of V(r). If the chosen regulator
were dimensional regularization, then the d — 4 limit of Eq. (I2IJ), which leads to the 1/r3 singularity
in Eq. ([I23]), must be taken in the sense of generalized functions; the singularity is then encoded by a
delta function, proportional to the divergent factor 2/(d — 4), with a plus distribution remaining [89].
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