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Abstract

The symmetries of the Standard Model dictate that for very low energies, where nucleon dy-
namics can be described in terms of a pionless effective field theory (EFT(#)), the leading-order
parity-violating nucleon-nucleon Lagrangian contains five independent unknown low-energy con-
stants (LECs). We find that imposing the approximate symmetry of QCD that appears when the
number of colors N, becomes large reduces the number of independent LECs to two at leading
order in the combined EFT(#) and large-N, expansions. We also find a relation between the two
isoscalar LECs in the large-N,. limit. This has important implications for the number of experi-
ments and/or lattice calculations necessary to confirm this description of physics. In particular,
we find that a future measurement of the PV asymmetry in 4d — np together with the existing
result for PV pp scattering would constrain all leading-order (in the combined expansion) LECs.

This is considerably improved from the previous understanding of the system.
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I. INTRODUCTION

While the attempt to understand parity violation in few-nucleon systems has challenged
scientists for decades and generated new experimental techniques and new theoretical
paradigms, only more recently have weak interactions been recognized as a potential tool
for probing QCD in few-nucleon systems. Weak interactions are well understood in isolation
on the quark level, but how they are embedded in the nonperturbative environment of the
nucleon /nucleus is not. The hope is that the lever of the weak interaction symmetry can
expose QCD behavior. For reviews of parity violation in nucleon-nucleon interactions, see,
e.g., Refs. [1-4].

Because QCD is nonperturbative at low energies, attempts to make rigorous predictions
in this energy regime typically either involve discretizing QCD and attempting to solve it
numerically on the lattice, or building effective field theories (EFTs) that, while applicable
only in a narrow energy range, include QCD predictions. EFTs of QCD involve a num-
ber of unknown low-energy constants (LECs). The values of these LECs are not fixed by
the symmetries of QCD but must be extracted from experiment or calculated on a lattice.
Fortunately, up to the order we work in the EFT power counting, there are more observ-
ables available (even if not easily measurable) than LECs, which is why the EFT can have

predictive power.

An EFT utilizes one or more small parameters obtained from ratios of disparate scales
in the problem, which are then used as expansion parameters in a perturbative calculation.
To increase calculational power, it is desirable to find as many small parameters as possible
and to invoke as many symmetries (or near symmetries) of nature as possible. In addition to
small parameters formed from ratios of masses and momenta, another expansion parameter
available in QCD is 1/N, in the limit where the number of colors NV, becomes large [5, 6].
Inclusion of this additional expansion typically results in relationships among LECs at a
given order in the EFT power counting, thus reducing the number of LECs that occur at a
given order in this combined expansion. An example is the heavy baryon chiral perturbation
theory analysis of the interaction of the octet and decuplet of baryons with the octet of
mesons. Expansion parameters include p or m, in the numerator and A, and mp in the
denominator, with p a typical momentum transfer, m, a light quark mass, A, the chiral

symmetry breaking scale, and mp the baryon mass. Imposing an SU(3) flavor symmetry
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yields four LECs for describing leading strong interactions. However, when the approximate
symmetry of large N. is included, only one independent LEC remains in the combined
expansion. Further, measured decay rates indicate that this dual expansion treatment works
well [7].

At low enough energies, pionless EFT (EFT(#)) is well established as a systematic and
rigorous way to determine the restrictions that QCD symmetries place on few-nucleon ob-
servables in the parity-conserving (PC) sector. See, e.g., Refs. [8-10] for reviews and Ref. [11]
for an example of a high-precision calculation. More recently the methods have been adapted
to the parity-violating (PV) sector. At energies where the pion mass is not dynamical (i.e.,
E < m?2/My), QCD and weak interaction symmetries dictate that five LECs encode all of
the physics of parity violation among two nucleons up to and including next-to-leading order
(NLO) corrections expected at the 10 percent level [12-15].

Decades of experimental and theoretical effort have been dedicated to measuring par-
ity violation and understanding its interplay with QCD. In the EFT framework, this can
be viewed as an effort to determine whether the QCD-symmetry-based description is in-
deed consistent by overconstraining the values of the above LECs. Given the difficulties in
gathering reliable experimental (or lattice QCD?') information on the LECs, any additional
theoretical constraint is valuable.

A general classification of the PV potential in the large- N, picture was given in Ref. [17],
where they found that there are two leading-order (LO) terms, four terms at NLO, and six
terms at next-to-next-to-leading order (NNLO) in the large- N, counting. This information
was used to analyze PV meson-nucleon couplings that appear in the meson-exchange picture
of PV nucleon-nucleon forces [18]. Here, we consider the implications that a large- N, analysis
has on the LECs of EFT(j). The benefit of the EFT(7) formalism is that it is valid for the
experiments we wish to describe, has fewer LECs than theories that contain mesons, and
has a well-understood prescription for including higher-order corrections. The results of this
paper continue the efforts of Ref. [4, 15, 19-22] to express two- and three-body PV processes
in a unified description. We show that in a combined EFT(#) and large-N, expansion, the
five EFT(#) LECs are not equally important — only two are of leading order, as expected
from the findings of Ref. [17]. Arriving at this result requires a careful analysis of the Fierz

relations that are used when constructing a minimal form of the EFT(#) Lagrangian (for an

1 See Ref. [16] for the first connected diagram calculation of the PV pion-nucleon coupling in lattice QCD.



example see Appendix A). One of the two dominant couplings is the isotensor LEC that may
be accessible in the reaction 7d — np at an upgraded High Intensity Gamma-Ray Source
(HIGS) at the Triangle Universities Nuclear Laboratory [22, 23]. In addition, we find that
the two isoscalar EFT(7) LECs are equal up to order 1/N2, i.e., up to corrections expected
to be at the 10% level. This presents a significant constraint on the EFT(3) LECs because

it matches or surpasses the expected precision of upcoming relevant experiments.

II. LARGE-N. ANALYSIS OF THE PARITY-VIOLATING POTENTIAL

The terms contributing to the PV nucleon-nucleon potential up to NNLO in the large- N,
counting were determined in Ref. [17], which used the definition of the general nucleon-

nucleon potential [24]

V(p_.p+) = ((P'1, 7 0), (P, 6, d)| H|(P1, v, ), (P2, B, b)), (1)

where Greek indices denote the spin components and Latin indices the isospin components
of the nucleons, respectively.? The momenta p are given by

P+ =p p, (2)
where p’ and p are the outgoing and incoming relative momenta,

/

P=p1-pPs P=pP—Dp (3)
As defined, both p. and p_ are P-odd, and p, is T-odd, while p_ is T-even. The Hamil-

tonian H is the Hartree Hamiltonian, which can be written as [6, 24]
~ s ~ t ~ n—s—t
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where

2 This approach does not take into account the effects of virtual baryons, such as the A resonance. In the
large- N, limit nucleons and the A resonance become degenerate, and as shown in Ref. [25] inclusion of the
A is important for the interpretation of the potential in the large-N, limit to be consistent with meson
exchange. Here we project onto the subspace of nucleons, assuming that this does not affect the large- N,

analysis. In a more detailed approach the A resonance would be integrated out [26, 27].



The ¢’s denote the doublet of light quarks, which in the large-N, analysis are colorless
bosonic fields. The coefficients vy, contain momenta. All vector, spin, and isospin indices
(not shown in Eq. (4)) are contracted to give the desired symmetry properties. In the case
considered here, we require the resulting potential to be invariant under rotations, P-odd,
and T-even. The large-N, scaling of the terms in the potential are determined from the
matrix elements of the operators S , I , G , and the identity operator 1 between nucleon

states, which are given by [28, 29]
(N|S|N) ~ (N'|I[N) ~ 1, (N'|GIN) ~ (N'[1|N) ~ N.. (6)

Products of these operators acting on the same nucleon state can be reduced to single factors
of the operators using operator identities and the Wigner-Eckart theorem [28]. In addition,

the momenta scale as [24, 28, 29]
p-~1, py~N". (7)

The reason for the suppression of p is as follows [24]: it is consistent to interpret the poten-
tial derived from the Hartree Hamiltonian in terms of a meson-exchange picture [25]. In the
t-channel, a factor of p, can only appear as a relativistic correction and is therefore always
accompanied by an inverse power of the nucleon mass My. Since My ~ N,, p, is taken to
scale as N 1. In the u-channel the roles of py and p_ are reversed, but it is common to
take this exchange potential into account by considering matrix elements of the potential
between states that are properly anti-symmetrized. A parametrization of the PV potential
in terms of one-meson exchanges is given in Ref. [18]. Starting from the relativistic Hamil-
tonians for PC and PV meson-nucleon interactions given there, a nonrelativistic expansion
of the resulting potential satisfies the above counting, i.e., each term proportional to p; is

suppressed by a factor of 1/My. See Appendix B for details.

Using these ingredients, Ref. [17] determined the operator structures that appear in the

PV NN potential up to NNLO in the large-N. counting. At LO, i.e., O(NV,), they are

P—'(51><52) T T, (8)

| S (531 X 0_:2) IaleaTg ) (9>



where 7 = diag(1, 1, —2). The NLO terms (O(N?)sin® fy) are

P+ - (G171 — do73) | (10)

p_-(G1+ ) (7L x B)?, (11)

p- - (01 X G2) (A +7)°, (12)

[(P+ X P=)-G1Pp- - Ga+ (P+ X P_) - Gop_-G1] (7L X )°, (13)
while at NNLO (O(N. 1))

p_ - (01 X 72) , (14)

PLp--(F1XG) 7T, (15)

P+ - (F1 — 72) , (16)

Pt (01 —02) 71 T2, (17)

P+ - (71 — G2) ZayTiTy (18)

pL p_ - (61 X &) LT Ts . (19)

In the physical world, N, = 3 and the expansion parameter is 1/3. However, in some
cases observables or relations between operators are protected from corrections at the next
order, which leads to corrections of roughly 10%. Similarly, the power counting parameter
in EFT(g) is /1\';# ~ 1/3, with p a typical momentum and Ay < m,, but the correction to the

leading PV S-P wave mixing does not occur until two orders higher [15].

III. LARGE-N, ANALYSIS OF PARITY-VIOLATING LOW-ENERGY CONSTANTS
IN EFT(#)

Our starting point is the LO EFT () Lagrangian in the minimal form as given in Ref. [14],

mn _ G (NT¢N - NTiDN — NINN1G - iDN)
— QlﬁijkNTUiNDj(NTUkN)
— Goeiji, [N'T°0' ND/(NTo*N) + N'o' ND/(N1r°6* )] (20)
— GsTupeiu N0 NDI(NTrba* N)
+ Gseas D(NTTN) - NT7°GN |



where

1 3
DN = ,N + ie%AuN (21)

g
is the nucleon covariant derivative and we define a O Db to be?
hg — —
aODb=aODb— (Da)Ob, (22)

with O some spin-isospin-operator. The G; are related to the C; of Ref. [14] by G; = C;/ A;”(,
with A, the scale of chiral symmetry breaking. The potential derived from this Lagrangian
is
i = Gip, - (01 — 2)

—iGip_ - (01 % 02)

— iGop_ - (G1 X G2)(11 + T2)° (23)

— iGsp_ - (G X §o)Loprl7e

+5G6p- - (61 + ) (11 x 1)’
Comparing the terms in Eq. (23) with the terms given in Egs. (8)-(19), a naive (and incorrect)
assignment of large- N, scaling to the PV LECs appears to be:

g~5 ~ Nca
Gs ~ Gg ~ N2 sin’ by, (24)
G~ G ~ N

This would suggest that in the combined EFT(#) and large-N. expansion the isoscalar
couplings are suppressed compared to the isotensor and isovector ones. This seems to conflict
with the general form of the potential in Eqgs. (8)-(19), which contains an isoscalar part at
LO in the large- N, counting.

The minimal form of the potential of Eq. (23) is found by starting with the most general
Lorentz-invariant form of the PV Lagrangian with a single derivative and applying Fierz
identities as well as a nonrelativistic reduction [13, 14].* Because Fierz identities allow a

non-unique set of operators to be expressed as linear combinations of other operators, there

3 This definition is not universal. Some authors use the opposite sign convention.

4 In Ref. [14] the Fierz identities are applied to the relativistic forms of the operators in the basis of Dirac
matrices. First performing the nonrelativistic reduction and then applying Fierz identities to the resulting

Pauli matrices produces the same set of five nonrelativistic operators.



exists a freedom to choose which operators to eliminate in favor of others in the “minimal”
form of the Lagrangian. From the EFT perspective, all of these choices are equivalent
because the Fierz identities only apply to spin-isospin operators, but do not change the
number of derivatives or dimensionful quantities such as masses. On the other hand, the
large- N, counting is related to the spin-isospin structure of the operators, and therefore it
is possible to find operators at different orders in 1/N, that are related by Fierz identities.
Thus, different minimal forms of the Lagrangian, while equivalent in the EFT counting,
can have different large-N, scaling. To find the most conservative estimate of large-N,
behavior, we start from the most general form of the potential, identify the N, scaling of
the operator coefficients, and then apply Fierz identities to reduce the number of operators
while maintaining the most dominant N, scaling for each resulting coefficient.’

As discussed in Refs. [13, 14], the most general relativistic PV Lagrangian with one
derivative contains 12 operators before the application of any Fierz identities. Two of these
operators (Og and Qg in the notation of Ref. [13]) result in the same leading nonrelativistic
structure, while two of the other nonrelativistic operators (those proportional to Cy and C
in Ref. [13]) are related by integration by parts.® Thus, the most general nonrelativistic

Lagrangian contains 10 operators and is given by (cf. Ref. [13])
nonmin . A+[NTN(NTG - iDN) — NTGN - (NTiDN))]
+ Ay € NTo' NDI(NTo" N)
+ AFNTN(NTG - iDN) — N'r3GN - (NTiDN)]
+ Ay € NTo' NDI (NTr36% N)
+ AF[NTTON (N7 - iDN) — NTr9GN - (NTr% DN)]
+ Az € N0 NDI (N1 0% N)
b ATINTPBN(NTG - iDN) — NTGN - (NT7% DN)]
b AT [NTTON (N3 - iDN) — NTrgN - (NTr% D))
+ As Zpeijue NI NDI (NT7P0% N)
+ AgeasNTT*ND - (NT7°3N) |

where the A correspond to terms resulting in a p, in the potential, while the A; terms

> We thank L. Girlanda for discussions on this point, see also [30].
6 This was indicated in Ref. [14].



give a factor of p_. The corresponding potential can be written as (cf. Ref. [13])

Vnonmin

:A1P+'(U1—5’2)

(26)
+ A3 p_ - i(F) X F9)T1 - To
+ Af pi - (0175 — Fary)
+ AF py - (61 — 09Tyl
+ Asp_ - i(F) X Fo)TapTiTE

1 . N
— —Agp_ - (31 + &)i(m x 1)*

The nonminimal potential V™™™ contains all operators of Eqgs. (8)-(19) as identified in
Ref. [17] with the exception of Egs. (13), (15), and (19). These operators contain more than
one power of momentum and therefore cannot be reproduced by starting from operators
with a single derivative. In addition, the operator structure multiplied by AJ is of order
N2 and was not considered in Ref. [17]. We extract the following large-N, scaling of the

couplings:

Af ~ N7, AT ~ N,

AS ~ N?sin? Oy | Ay ~ N2sin? Oy |

Af ~ N7 Ay ~ N, , (27)
Af ~ N2,

AF ~ N1, Ay ~ N,

Ay ~ NOsin® 0y .

Applying Fierz identities to arrive at the minimal form of Eq. (23), the relations between
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the nonminimal and minimal couplings are

G = —Af + AT — 245,

Gr = —A7 —2AF + A7 |

G = —3 (A5 +Af +AY) | (28)
Gs = — (A5 + AD) |

Go = —Ag + AT — A .

A detailed example is worked out in Appendix A. The scaling of these couplings is deter-
mined by the leading behavior of the LECs A5 of Eq. (27), which gives

g1~ N,
G~ N, ,
Gy ~ NV sin? Oy | (29)
Gs ~ N. ,

0 i.2
Gs ~ N, sin” Oy .

The isotensor coupling is LO and the isovector couplings again appear at NLO, as in the
naive analysis, see Eq. (24). However, the isoscalar couplings are now also counted as LO in
large V., unlike in the naive analysis. While it may seem that there are now three LO terms,
the two isoscalar couplings are not independent. As seen from Eq. (28), the LO contribution
to both G; and G; comes from the coupling A3, so that up to corrections of order 1/N? the

relation

G = —2G, (30)

holds. This means that up to corrections on the order of approximately 10%, two of the five
LECs that are independent from the EFT point of view are in fact related to each other.
Given the difficulty in determining the LECs from either experiment or lattice QCD and the

resulting uncertainties in such an extraction, this result presents a significant simplification.

The physics encoded in the minimal Lagrangian of Ref. [14] can also be expressed in a

physically more intuitive basis, in which the incoming and outgoing two-nucleon states are
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in particular partial waves [15],

nd
Lpy =~ [P (NTo%372N)" - (NTo*r%DN)

<~
iy (NTotr2 7N (NTo%5 - 727D )
g
Y e (NTo?72r°N)' (NT0%5 - 727" DN (31)
g
+C Y T, (NT o7 N) (NT02J— : T2T%DN>

. .
+ 5= €ijk (NT02027‘2N)T (NTa2ak7'27'3D7N)} + H.c.,
where AT is the isospin change involved in the process. The relations between the couplings

in the two formalisms are [15, 31]

3 1 1 ~
cSi=1h) _ Z(gl -G,

IS _3P 1 ~
C((A?:o)O) = i(gl +G1),

1¢._3 1
CéfﬁzlfO) = §g2 5 (32)

(so—2r0) _ 15
C(A}):2)O - —595 )

1
C(3S1_3P1) _ = ‘
496

These relations can be established using Fierz identites, which as discussed earlier can hide
the large- N, scaling of the associated couplings. However, since we have kept the leading
terms for the couplings G;, the relations of Eq. (32) also establish the leading scaling behavior

for the partial-wave couplings CX~Y),

C(3S1_1P1) ~ Nc

(1S0—"Po)
C(A?:O)O ~ Ne,

Clar= V) ~ N sin® by | (33)
Claisy) " ~ N,
cOS=) N?sin? Oy .

As before, the two isoscalar terms are not independent at leading order in the large-N,

counting, but up to 1/N? corrections are related by

36,-1py) 15, —3Pp,
S (N (34)

Again, the large- N, analysis shows a relation between two of the five LECs, which is valid at

the =~ 10% level. A determination of one of the isoscalar couplings from either experiment or
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a future lattice QCD calculation constrains the second isoscalar LEC significantly without
need of further experimental or lattice QCD input.

The relations derived above apply to renormalized LECs. As common in EFT (%), we as-
sume that dimensional regularization in combination with the power divergence subtraction
renormalization scheme [32] is applied to obtain any observable. As shown in Refs. [15, 19,
the dependence of the PV LECs on the subtraction point u is the same as the corresponding
S-wave PC LECs, given by [32]

o sy 1
—1/(1,(150) — ’ —1/(1,(351) — )

In the large- N, limit the LO PC interactions are Wigner-SU(4) symmetric [33], which implies
that C('S0) = €SV in this limit [29]. As a result the y dependence of all PC and PV LO

c('s) (35)

LECs becomes identical. In general, since we are considering the scaling of the LECs with
N,, the relations should hold for any renormalization condition that itself is independent of
the number of colors. However, as pointed out in Ref. [29], the approximate Wigner-SU(4)
symmetry is hidden for the physical case of N, = 3 if the strong LECs are fit close to
threshold, which corresponds to choosing u close to zero as the renormalization condition.
The S-wave scattering lengths are unnaturally large and choosing ;1 = 0 means that the
applicability of the EFT(#) expansion is very limited [32]. From the EFT point of view
it is therefore beneficial to use a renormalization condition in which g is of the order of
momenta significantly above threshold. In these cases, the ratio of PC LECs also gives
a much better indication of the approximate Wigner-SU(4) symmetry. Because physical
observables relevant to hadronic parity violation always involve an interplay of PC and PV
interactions, i.e., both PC and PV LECs appear, renormalization conditions in which the

consequences of the large- N, limit are manifest in the PC LECs should be chosen.

IV. APPLICATION TO EXISTING MEASUREMENTS

There has been only one nonzero measurement of a PV two-nucleon observable: the
longitudinal asymmetry in pp scattering.” The lowest energy result was found in Ref. [35-
37):

AP (E =13.6 MeV) = (—0.93 4 0.21) x 1077 . (36)

" The NPDGamma [34] experiment has finished taking data and a result for the PV angular asymmetry in

fip — dry is expected to be announced shortly.
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This gives the following constraint on a linear combination of the EFT(#) LECs [15]

So—3Py) So—3P) 1So—3P
ATy +Clater” + Clar=s )

- =(=1.5+0.3) x 107 MeV™! | 37
C(*So0)

where C('50) is the strong interaction LEC. The ratio of the PV and strong LECs is subtrac-

tion point independent. Because C&S})__gf‘)) and C(;S})__;PO) dominate in the large- N, limit, we
will neglect C((AS j 0 P) In particular, one immediate result is that in the large- N, limit, the

longitudinal asymmetry of pp scattering and 7in scattering is the same [15]. Imposing the

large- N, relationship between 51— and C flo _OPO yields

(C(3S1—1P1 /3+C ;S})—;PO))
C

=(-15+0.3) x 1071 MeV ™" | (38)

where C denotes the large-N, limit of C('S0). With only one equation and two unknowns, it
is not possible to make any statement about the relative size of the two LECs.

However, the reason for expressing C(( AS i 0) ) in terms of C*1='P) is that an experimental
limit exists on the induced circular polarization in unpolarized neutron capture, np — dvy
[38, 39], which also depends on cs1=1P1), Imposing the large- N, results on the expression

for this process [19] yields

. 16MN 1 (BSl_lpl) 5) (180) 2 (ISO) (15‘0_3}30)
B=- C  ki(1—yal'S0) (C (1= §”ya )= gf}/a C(AI:2)

= (18418 x 107" |

(39)

where we have also set CSY) ~ C as dictated by the large N, limit [29]. ~ is the binding
momentum of the deuteron, k; is the isovector anomalous magnetic moment, and a5 ig
the singlet channel scattering length. This relationship allows us to say with some confidence
that C((IAS}):_;?O) is of the same size as CCS1=P) | 1If it were not, but negligible compared to
CCS1="P1) then the pp scattering measurement would yield
CcS1—1py)
T (-1.140.2) x 107 MeV ™" | (40)

and predict a P, larger than its present bound.

V. CONCLUSIONS

We have shown that a large-N. symmetry imposed on the EFT(#) description of low-

energy parity violation in two-nucleon systems through NLO in EFT(j) power counting
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reduces the number of independent LECs from five to two at LO in the combined expansion.
This is in agreement with the general large-N, analysis of PV nucleon-nucleon forces of
Ref. [17]. However, we find the result expressed in the EFT(#) formalism to be more useful
for interpreting experimental measurements in few-nucleon systems, both because there are
fewer LECs and because analyzing higher-order corrections is straightforward. Further, the
result in the EFT(5) formalism is not obvious from a naive application of the large-N,
counting rules to the minimal form of the EFT(#) potential. The reason is that the Fierz
identities used in reducing the most general Lagrangian to its minimal form can hide the
order in large-N,. counting at which a given term first contributes. We have also found a
relation between the two isoscalar LECs C*1='P1) and C AS})_OPO that is expected to hold up
to corrections of order 1/N? i.e., on the order of 10%.

This could have important implications for how quickly parity violation in two- and
few-nucleon systems can be understood. In particular, the existing measurement of the lon-
gitudinal asymmetry in pp scattering along with the limit of the np — dy PV asymmetry
suggests that the two PV LECs that are of LO in the combined EFT(#) and large-N, ex-
pansion, CCS1="P1) and C((f}):_;;j‘)), are in fact of the same size. That is, current experiments
support the leading-order analysis. One linear combination of these two LECs can be de-

termined from the existing experimental result on pp scattering. If the result that these

two LECs are of the same size holds when higher-order EFT(5) and large-N, corrections

are included, it is a motivation to measure C((f}):_;f‘)) at the potential HIGS2 facility [23]
and gives further motivation to perform a lattice calculation of C((f})_;f‘)) [40] Because of
the large-N, relation between C*51=F1) and C AS})_OPO knowledge of C((AS}) ) ) would then

constrain both isoscalar LECs.

Appendix A: Example of the application of Fierz identities

As an example of how to reduce the nonminimal EFT(#) Lagrangian to its minimal form,

consider the term proportional to A3,
e N7 NDI (N 146" N) | (A1)
which in components reads
(Tay7in) (€iju0tg0hs)NL Nap DY (NI N5 q). (A2)
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Applying the Fierz identity
7_;2;7_;2[ = 20ad0ch — 5ab50da (AB)

the second term immediately gives
—e;ixNTo'ND? - (NT6"N) | (A4)

i.e., the operator structure proportional to A;. For the remaining term, the Fierz identity
in spin space

k 1

can be applied. In addition, using integration by parts and dropping the term proportional

to a total derivative, the combination of nucleon fields can be rewritten as
N§  NgpD? (NI Nsq) = = [NI ,Ng D' (NT Nyq) — D’ (N} N ) (NI Nsa)] (6)
A6

N — DN

<> <
[Ni,aNé,d(Ni,cDNﬁ,b) - (Ni,aDNa,d)Ni,cN@b)} :

The resulting term has the same form as the operator structure proportional to A;. There-

fore, the term proportional to A3 can be removed by a redefinition of A and Aj .

Appendix B: Momentum dependence in the PV meson-exchange potential

As an example of how the suppression of terms proportional to p, with a factor of 1/My
arises in the meson-exchange picture, we consider the PV potential as given in Ref. [18],
which parameterizes the PV interactions in terms of 7w, p, and w exchange. Here we further
restrict the discussion to w exchange, but analogous arguments apply to m and p exchanges.
The PC Hamiltonian is given by [18]

Hoo = g0 [ + z’ﬁa’wk‘u w, v, (B1)
27,

where compared to Ref. [18] we have replaced a factor of My ~ N. by A, ~ 1 in the
denominator (see the discussion in Ref. [17]) because the origin of this scale is not dynamical

and should not introduce spurious N, dependence. The PV Hamiltonian reads
=" (hgwu + h}uT?’wH) A (B2)
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Under a nonrelativistic expansion, the terms proportional to g, are LO for 4 = 0 and
suppressed by 1/My for p = i, while terms proportional to g, xs scale as 1/My for (uv) =
(0¢) and are LO for (uv) = (ij). Analogously, the PV terms scale as 1/My for p = 0
and are LO for g = ¢. Combining these expressions, the terms proportional to p, arise in
combination with g,h%! and are suppressed by 1/My, while terms proportional to p_ come
with g,xsh®! and are LO in the nonrelativistic expansion. Analogous relations hold for 7

and p exchanges.
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