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We adopt a covariant version of the naive dimensional analysis and construct the two-nucleon contact
Lagrangian constrained by Lorentz, parity, charge conjugation, and Hermitian conjugation symmetries. We show
that at O(q°), O(qz), and O(q4), where ¢ denotes a generic small momentum, there are 4, 13, and 23 terms,
respectively. We find that by performing 1/my expansions, the covariant Lagrangian reduces to the conventional
nonrelativistic one, which includes 2, 7, and 15 terms at each corresponding order.
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I. INTRODUCTION

Chiral perturbation theory (xPT), as proposed by Wein-
berg [1,2], has turned out to be very successful in the study of
the strong interactions in nuclear physics. This theory of the
nuclear forces is consistent with all the relevant symmetries,
particularly the chiral symmetry and its breaking pattern.
The interactions between the Nambu-Goldstone bosons them-
selves and with a heavier hadron can be computed in a sys-
tematic way order by order as an expansion of g/A,, where
q denotes a generic small momentum and A, is the chiral
symmetry breaking scale. The unknown short-range physics is
encoded in the so-called low-energy constants (LECs), which
in principle can be obtained from QCD, but in practice are
often determined by either fitting to experimental data or
lattice QCD simulations. The predictive power of x PT relies
on the fact that for specific observables only a selected set of
LECs contribute and with the same LECs it relates different
observables.

xPT has been successfully applied in the pure mesonic
sector [3,4]. However, when extended to the one baryon
sector, one encounters a problem since the relatively large
baryon mass cannot be counted as a small scale, which
does not vanish in the chiral limit and breaks the power
counting first introduced in the mesonic sector. In the past
two decades, several modified power counting schemes have
been developed to overcome this problem. At the very be-
ginning, a nonrelativistic approach, i.e., the heavy baryon
(HB) chiral perturbation theory [5,6], inspired by the heavy
quark effective field theory [7], was introduced. More recently
two relativistic approaches, i.e., the infrared (IR) [8] and the
extended-on-mass-shell (EOMS) scheme [9,10], were devel-
oped to overcome some of the drawbacks of the nonrelativistic
approach. The latter seems to be successful both formally and
empirically [11-31].!
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In the 1990s, Weinberg proposed that one can construct
the nucleon-nucleon interaction using heavy baryon chiral
perturbation theory [33,34]. It has been remarkably successful
and led to an era of high precision since the year of 2003
[35-40]. An ingredient of the chiral nuclear force is the
contact nucleon-nucleon Lagrangian, which parametrizes the
short-range interactions. In the present work, we would like to
study the constraints of Lorentz covariance on the NN contact
Lagrangian. At present, there are already a few works in this
direction. In Refs. [41,42], the relativistic NN Lagrangian
is constructed up to O(g?). In Ref. [43], such a work is
extended to the SU(3) case. In a series of recent works, using
the leading order relativistic Lagrangian, some of us have
studied nucleon-nucleon scattering data [44] and hyperon-
nucleon (hyperon) data [45] as well as related lattice QCD
simulations [46,47]. Quite lately, it was shown in Ref. [48]
that one can achieve a satisfactory description of polarized
p-d scattering data below the deuteron breakup threshold
either with the leading order relativistic 3N interaction (in the
power counting of Ref. [44]) or with the next-to-leading order
nonrelativistic 3N interaction.

In this work, we revisit this problem in the NN sector and
construct a complete set of covariant NN contact Lagrangian
terms up to O(g*). Using the equation of motion to eliminate
redundant terms, the total number of independent terms is
found to be 4 at O(g°), 13 at O(g?), and 23 at O(g*). As
an explicit check, we expand our relativistic> Lagrangian in
terms of 1/my, where my is the nucleon mass, and show that
in the heavy baryon limit our Lagrangian reduces to that of
the HB x PT.

This work is organized as follows. In Sec. II, we explain the
general principles to construct a covariant nucleon-nucleon
Lagrangian, list the approximate equalities derived from the
equation of motion and use them to eliminate redundant

%In the present work, “relativistic” and “covariant” are used inter-
changeably.
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terms, and write down the covariant nucleon-nucleon contact
Lagrangian up to order O(g*). In Sec. III, we compare our
results with those of earlier studies and perform the nonrel-
ativistic reduction, which is followed by a short summary in
Sec. IV. A concise derivation of the nonrelativistic nucleon-
nucleon contact Lagrangian up to order O(g*) is given in the
Appendix.

II. RELATIVISTIC NN LAGRANGIAN UP TO O(g*)

The relativistic NN contact Lagrangian should fulfill the
following requirements. First of all, the Lagrangian must be
a Lorentz scalar. Second, it has to be invariant under chiral
transformations, parity (P), charge conjugation (C), Hermi-
tian conjugation (H.c.), and time reversal. Third, it needs to
satisfy a proper power counting so that one can determine the
relative importance of each term and have limited terms at
each order in the chiral expansion.

The general expression of a covariant nucleon-nucleon
contact Lagrangian® reads

1 S >
W(wl 8 1 8 FAw)
X MR (i D i T T, §h)

where ¥ and v denote the relativistic nucleon field, ?“ =

= <~ - <
a%— 0% where 0%/ 0 ¢ refers to the derivatives acting
on ¥ and Jf, and s p € {1, ys, y*, ysy™, okV, g7, e*"Po}.
In the above equation, N; refers to the number of four-
derivatives (both 9 and d) in the Lagrangian, m refers to
the nucleon mass in the chiral limit, and the factor 1/(2m)
has been introduced so that all the contact terms have the same
dimension [41].

For the construction of effective Lagrangians, symmetry
constraints are the most important. In our present case, apart
from the invariance under Lorentz transformation, the co-
variant nucleon-nucleon contact Lagrangian has to be invari-
ant under local chiral, parity, charge conjugation, Hermitian
conjugation, and time reversal transformations. The Lorentz
indices «, B, ... have to be contracted among themselves to
fulfill Lorentz invariance. The local chiral symmetry can be
trivially fulfilled because the nucleon field ¥ transforms under
chiral rotation {» — K, where K € SU(2)y. The Hermitian
conjugation symmetry does not impose any constraint since
to fulfill it one can always multiply the Lagrangian with a
factor i if necessary. According to the CPT (charge, parity,
and time reversal) theorem, time reversal symmetry is also
automatically fulfilled if parity symmetry and charge conju-
gation symmetry are fulfilled. Therefore, one only needs to
make sure that parity and charge conjugation symmetries are
fulfilled.

To construct the NN Lagrangian, one has to specify a
proper power counting. In our present case, we need to
specify the chiral dimensions of all the building blocks. In

3In the present work, to simplify the derivation, we do not consider
the interaction of external fields and the pion with the nucleon.

TABLE I. Chiral dimensions and properties of fermion bilinears,
derivative operators, Dirac matrices, and Levi-Civita tensor, under
parity (P), charge conjugation (C), and Hermitian conjugation (H.c.)
transformations.

=]

1 Vs Yu VsVu Ouv €uvpo w 0,
dim 0 1 0 0 0 — 0 1
P + — + — + — + +
C + + — + — + - +
H.c. + - + + + + — +

the covariant case, the power counting is more involved,
compared to the nonrelativistic case (see the Appendix).
The chiral dimensions and properties of fermion bilinears,
derivative operators, Dirac matrices, and Levi-Civita tensor
under parity, charge conjugation, and Hermitian conjugation
transformations are listed in Table I. The derivative 9 acting on

the whole bilinear is of order (’)(q' ), while the derivative (3)
acting inside a bilinear is of O(¢”) due to the presence of the
nucleon mass, where g denotes a generic small momentum,
such as the nucleon three-momentum. The bilinear v y5 is of
order O(g') because it mixes the large and small components
of the Dirac spinor. The Levi-Civita tensor €,,,, contracting
with n derivatives acting inside a bilinear raises the chiral

order by n — 1. If a derivative ? is contracted with one of
the Dirac matrices ysy* or /¥ in a different bilinear, the
matrix element is of O(g'), as can be explicitly checked by
means of the equation of motion (EOM). Therefore, at each
order in the powering counting, only a finite number of 0 and
€,.vpo appear. However, in principle, any number of pairwise

<>
contracted i 0 of the form

ov = (3%

Fal'p — (2m)2n

DI <~
X(Pi 0 i 0y 0 4, Upa¥r) ()

Nli?llz . i?uanW)

is allowed, since it is of O(¢°). Such a term gives N(p;) +

N(p2) — N(p3) + N(p4). On the other hand, such structures

as

[(p1 + p4) - (p2 + p3)]"
(2m)?n

[(p1 + p3) - (p2+ p)]"
(2m)2

can be rewritten as

_ 2y n _ 2y _ 4"
|:1+(s 4m?*) u]’ [1+(s 4m?) ti|’ @

4m? 4m?2

3

’

with s —4m? = —(p1 — p2)* = —(p3 — pa)* ~ O(¢?), u=
(p1 — pa)* ~ O(¢?), and 1 = (p1 — p3)> ~ O(g*)." There-
fore, at (’)(qo), only the terms with n = 0, 1, 2 are needed, at
O(qg?) only the terms with n = 0, 1 are needed, and at O(q*)
only the terms with n = 0 are needed since no new structures
appear for n larger than those specified above.

“This can be easily checked by noting that in the center-of-mass
frame p| = My + O(q) and py = My — O(g) because of momen-
tum conservation.
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TABLE II. Decomposition of the Dirac matrix products I' x y; into charge conjugation even (1";) and charge conjugation odd (1";) parts [43].

’ ”

r T r;

1 Ya 0

Y gukl —ioy,,

Vs 0 VsVa

Y5Yu %E)Mptapr 8urVs

Opuv €uvicVsY' —i(8u2Yv — 8ua¥i)
€uvpr¥ " €vprl 8urY50vp + 801 V50 + &uiY50pu
E;u)pr J/SVI 8u0vp + 8020y + 8viOpu €vpr Y5

?uvpaag Y5Yp (ngg,u - gk;/.gvr) + Y5Yv (g)»;/.g,ur - g)\pgur) + VS)//A(gApgvr - gkvgpr) ig)\réuvpaya - l'G;prJ/z
%Guvmam = V50u %(gMVSVv — 8 Y5Vu) €uwrp¥”

Following the general principles of constructing effective of our concern, and one can use the EOM to eliminate the
Lagrangians and guided by Table I, one can write down all nonindependent or redundant terms.
the terms of O(¢%), O(¢?), and O(g*). As we show in the The equation of motion for the nucleon refers to the well-
following, not all of them are independent up to the order = known Dirac equation at LO

J

= V”a/ﬂﬂ = —imy + O(q), (5)

and its hermitian conjugate. Up to higher order corrections one can replace gy by —imiyr and {0(3 by imyr. To fully utilize
this EOM, one needs to transform terms that do not contain ¢ into forms that contain it. Such a technique has been extensively
discussed in the construction of the w N Lagrangian [49] and baryon-baryon Lagrangian [43]. The details can be found in
Refs. [43,49]. The master formula is

. 7 7 A IR N} VR el
=2im(YyTy) = 2(YT x 0%Y) = (YT, 8 “Y) + (YT 9), (6)

where I, '/, and T'” are sets of Dirac matrices listed in Table II and ~ indicates equal up to higher orders. Using the EOM
together with the decomposition of Dirac matrices, one can obtain the following approximate equalities:

*(Wyuv) =0, (7.1
- <>
(Y 9 wY)~0, (7.2)
M (Wysyu) =~ =2m(Yiysy), (7.3)
M (Yo ~ (&i?uw —2m(Yy, ), (7.4)
Fy"i 8 ) ~ 2my), (7.5)
- <) 2,7 2,7
W 9 “Y)= —dm"(Yy) — 0" (Yr), (7.6)
- <>
(Yysyti 9 ) =0, (1.7)
FiT w0 y) ~ —0" (), (7.8)
—2im(rysy" ) & (Ve 0, D ) + 3 Wysv), (7.9)
—2im(Po Y ) A (T sy D ) + (T — i@y — g yP), (7.10)
_Zim(ll_fep.vpryrl/f) ~ (l/_feuvpx (5)}\1/[) + a)h(lzf(g,uk)/SO'vp + 8oaV50uy + gvAVSO'pM)w)s (7.11)
—2im (P €pe VsV ) A [F(0up D s+ s D+ 0o D W] + 0 (Frepupnysth), (7.12)
- - <~ <~ <> <> <~ <>
_2lm(¢6uvanaTW) R {W[VSV,O( 0 v8ur — ad ugvr) + VSVV( Gl u8pr — ad pgur) + VS)//L( Gl p8vt — 0 vgpr)]w}
+ 8A(¢(iglreuvpaya - ieuvpkyr)w)v (713)
7, pT ~ [/, Y Y ey P
MW €0 ) X [U(ysyui 0 v —ysyui 0 )W+ 0" (Wepmp ¥’ V), (7.14)
— <> <>
(Yepuvapi 0 110 ") =0. (7.15)
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TABLE III. A complete set of relativistic NN contact Lagrangian terms up to O(g*).

0 CARI0AD) 0y
0, Ty ) yup) On
0; T ysy* )T ysyul) O
04 W™ Y)Wy i) 024
Os ys¥)Tysi) Ons
P 1 v 1.'<_)m 7 > A

Os = Wysy i @ Y)Y Gysvai 0 u) O
~ { e <> - > ~

0, (P i 9 Y)Y ouai 0 ) O
Os (@D )0 (o) O
Oy o (Yo" )0,0" (Yo ) 029
O1o = (YY) (Pp) O30
O Wy )P Typ) 05,
O ez (Uysy ) Wysyud) O
O13 7 (G )X (o, ) O3
~ 1 - > - ~ ~

Oun m(‘//l 0 “Y)Wi 3 o) — 0 O34
~ 1 - .(—) — .H ~ ~

05 (Y Y)Wy 9 oY) — 02 035
~ 1 - .(—) - '(—) ~ ~

O m(lﬁ)’sy“l 0 Y)Y Wysyui 0 o) — O3 Os6
~ 1 _ <~ _ <> ~ ~

0]7 amZ (1/10—)“)1 a a’ﬁ)(lﬁ%ul il oﬂ//)_ 04 037
O = (s (Tysy) O3
> 17 150 N2 0T < 5

Oy ]67(1/’1/5)/‘1 9 ") (Yysyi 9 ,Ll//) O39
P 1 v w‘(_)ot 207, > Ve

O o (o™i 9 Y (Youei 3 o) Ouo

17T a29v (7,
16m# (Wl 8 lﬁ)a a (WU,LVW)
e (T )20, (Fo,00)
(T D a A (T i D
ot (Wi 8 “Yr)aP o, (Yroupi 0 L)
o (PY)I* ()
oz (YY" )t (v, )
ez (Yysy ) (Tysyud)
e (Yo Y0 (Yo, ¥)

e - > ~
(st O “Y)Wysi 0 oY) — Os
Wy i T T YTy 9 i D p) — O

L (G PN D i @ ) — O
erm (Yo 0 40 9 Py ) (ol 3 i 9 pY) — Oy
L 7 w8 ard <5 ~
(Y HY PY) (PO B ) — Oy
[ NS g VDo i 0y — O
16m* (!”0 id W)aaa (WU,wl Gl ﬁw) 09
L7550 \a207 55 o)
e (i )P D W) — Oro
1 T oni A 2.7, ar N
W(l/fy‘l 9 *Y)"(Yyul 9 o) — Ony
1 (T 5 924, < D
ot (WysyHi 0 YO (Wysyul 3 o) — On
1 7 w'(_)o( 2047 < 3
W(‘l’(f' i 9 *Y) (Youi @ o) — O3
IR L P
em (Wi 9 %1 0 PY )i 0 4i 9 p¥p) — 2014 — O
i T T Y Fyi D Wi D p9) — 2015 — O
e Pysy i 0T Gy @ ui D g9) — 201 — Os

1 - #v,<—)a.<—>ﬁ - <> o> ~ ~
W(djg id“a w)(lﬁ%ul d ol Gl ﬁw)_2017 _04

The set of relations in Eq. (7) lead to the following four
simplification rules:

(1) Terms with €,,,,; can always be transformed into those
without it, so no terms with €, ,. are needed.

(2) The derivative 9, acting on the whole fermion bilinear
cannot be contracted with any elements of the Clifford
algebra except for o V.

(3) The derivative i ?"“ cannot be contracted with any el-
ements of the Clifford algebra inside the same fermion
bilinear.

(4) Terms with y* can be transformed into terms with

i d * except for the cases where it is contracted with
ot

Using the four rules listed above, we obtain minimal and
complete sets of relativistic NN contact Lagrangian terms
0; (i =1, ...,40), which are summarized in Table III.

III. DISCUSSIONS
A. Comparison with previous works

The Lagrangian terms listed in Table III are differ-
ent from those of Refs. [41-43]. Moreover, the results of
Refs. [41-43] can be reduced to ours using the approximate
equalities listed in the last section. Compared with the results

of Refs. [41,42], in our case all the terms with €48
are eliminated using the EOM. In Ref. [43], the expres-

. . . . .H

sions contain at most two pairwise contracted i @ of the
| S > L a R R~

form W(wl oHri kg3 MGy )(ri 0 0 0y,

i? w,TBa¥) Up to O(g?), while we only include at most one,
which is consistent with Ref. [41]. We note that the terms
with 3*(o,,,Y) are included in our Lagrangian but are not
in those of Refs. [41-43]. This is just a different choice of

independent terms, because 9*(Y0,,¥) = (1/_10,”_8)”1,0)4-
B9 Hou ) ~ (i 9 ¥) — 2m(Fyyp). In Refs. [41,42],
terms containing (i ?Mlﬂ)(if}/“w) are included, while in

our case, we replace them with (17/1'?“1//)8”(1}0,“,1//) using
the EOM. Note further that in Ref. [43] the terms with
8" (Yr0,,,Y) are not included because such terms are argued
to be of higher order. However, we prefer to keep these terms
because they are of unique Lorentz structure which satisfies
our power counting rules. The I';’s in our work are also
different from those in Ref. [43]. In our work we take I'; €
{1, y5, y*, ysy*, o’ g, €7} to keep the complete Dirac
algebra, while in Ref. [43] T/ € {1, ysyH, o#, g"”, e#r?}
by means of the EOM. Nevertheless, these are simply
different choices and can be transformed into each other
using the EOM. Note that —2im(¥ysy) ~ d*(Yysy,¥)

and 2m(Yy*yr) &~ (1/71'?”1#). The two structures on the

024004-4



COVARIANT NUCLEON-NUCLEON CONTACT LAGRANGIAN ...

PHYSICAL REVIEW C 99, 024004 (2019)

left-hand side of the above equations are contained in our
work while the structures on the right-hand side are included
in Ref. [43].

As in the one-baryon sector, one encounters also in the
two-baryon sector the problem that nominally higher or-
der terms contain lower order terms that break the power
counting [50]. For instance, according to our criteria listed
above, we should include 5;4 = #(I]If?“l//)((ﬁi?ﬂl//) at
order O(g?). However, this term actually starts to contribute
at O(q°) so that it breaks our power counting. Therefore,
we redefine Oiy = (i 9 )i D ) — (FUITP)
to recover the power counting. The same also applies to
01417 and Ojg 49. Notice that this procedure is very similar
to the EOMS scheme [9,10], except, in the one-baryon
sector, power counting breaking terms only appear in the loop
calculation with propagating baryons. In the nucleon-nucleon
sector, they already appear at tree level because the nucleon
momentum is involved to increase the chiral order.

B. Nonrelativistic reductions

The relativistic results, when reduced to the nonrelativistic
ones in the heavy baryon limit, should recover the well-
known 2 + 7 + 15 linear independent nonrelativistic terms up
to O(g*) [36]. We checked that this is indeed the case.

To perform the nonrelativistic reduction of the covari-
ant Lagrangian constructed in our present work, one has
to replace the relativistic nucleon field operator ¢ with the
nonrelativistic nucleon field operator N and then expand
the relativistic Lagrangian in terms of 1/m. The relativistic
nucleon field operator v (x) is®

d? ~ .
v =) f QT’;E%bS@)u%)e*’P*, ®)

s=+1/2

with the following normalization:

[bs(0), b}, (P
E ,
= LQu)’8(p— pds @ P () =85, )

m
where Zs(p) and Zj are annihilation and creation operators for
anucleon in spin state s and s’. A sum over the repeated index
s(s’) = :I:% is implied. The Dirac spinors of u and # have the
following form:

Ey+m g-p
7 /3 = u ]la - T)
up',s) o ( E,,r+m>X5
E,+ 1
u(p,s') =,/ = m( op >Xs’9 (10)
2m  \E,+m

with

E, = /m? + p2. (11)

Ep’ = /m? +p/2’

SFor a related discussion in the NN sector, see, e.g., Ref. [51].
Following Ref. [41], its antiparticle component has been dropped
for simplicity.

The nonrelativistic nucleon filed N(x) is

Nx) = ) dS—pb() e i (12)
(27_[)3 5 p XS .

s=%£1/2

Here, the isospin indices have been suppressed by using the
Fierz rearrangement [41]. Note that b(p) = \/m/E, bs(p).
To order O(g*) at which we are working, the relativistic
nucleon field operator ¢ can be expanded in terms of the
nonrelativistic field N (x), defined in Eq. (12), as

v =[(0) = 5o"%) + 5 ()

3i 0 I /v 5
—i§§<a_VVJ-%EEEZ<O>}NQ%+0@)-

13)

In the standard representation, the Dirac matrices are given by

o_(1 0 s_ (0 1
v —<0 —1)’ V—<1 o)’

_(0 o wo _ Teu v

with 0 = (o}, 02, 03) the Pauli spin matrices.

Using these relations and the properties of Pauli matrices,
one can perform the nonrelativistic expansion of the covari-
ant Lagrangian of Table III. The results are summarized in
Table IV. They are presented as linear combinations of the
nonrelativistic Lagrangian O; defined in Table V. One can eas-
ily check that there are 24 linear independent terms, consistent
with the well-known 2 + 7 + 15 nonrelativistic terms shown
in Table V in the Appendix.

IV. SUMMARY

We have constructed a complete set of relativistic NN con-
tact Lagrangian terms up to order O(g*). Using the EOM to
eliminate the redundant terms, we find only 4 terms of O(¢°),
13 terms of O(g?), and 23 terms of O(g*). We compared
with previous studies and identified the differences and the
reasoning behind them. In addition, we checked that by per-
forming 1/my expansions one can recover the corresponding
nonrelativistic Lagrangian, which has 24 terms up to O(g*).
The covariant Lagrangian constructed in the present work
can be of use in building covariant nuclear forces as well as
studying relativistic corrections.

It should be emphasized that the completeness and mini-
mality of the set of covariant Lagrangian terms derived in the
present work should be understood with respect to the power
counting rules we chose and the choice we made regarding
how to use the equation of motion to remove redundant terms
and to limit the number of available terms. More precisely,
they may better be referred to as an economical set of co-
variant Lagrangian terms that can recover those of the heavy
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TABLE IV. The nonrelativistic expressions corresponding to the contact interactions of Table III.

Os + 72 (01 — 20, 4 203) + 125305 — 409 + 019 + O11 + 4013 — 2013 — O16 + O17 — Oy — Op)

Os + 540, — 603 + 04+ 205 4 06 +207) + 705 (809 — 019 + Oy — 12015 — 2013 + 3014 + 4015 4 016 + 017 + 3015 +
4019 — Ox)

—O0r + 75 (=203 — 04 + 205 — Og + 607) + 127(019 — 011 — 401, + 2013 — 3014 + 4015 — O16 — O17 — 3015 + 12019 — 201))

207" + ﬁ(ZOl +402 - 120} + 805 - 206 + 1207) + W(608 + 809 + 2010 + 20]1 - 24012 - 40|3 + 160|5 - 2016 + 20]7 -
6015 + 24019 — 40, +401)

— (06 +207) — 122 (3015 + 4019 + O2y)
L (—406 +80) + 1 (—4015 + 4051)
ﬁ(O] 420, — 803 — 404 + 805 — 404 +- 807) + 16m4( 40,0 + 40, + 201, — 12013 — 4014 + 8017 — 40,35 — 40, — 802)
(01 420, —403) + 725 (—201, + 4013 + 4015 — 4017 + 40, +40y))

(=04 =205 — Og — 207) + 12 (=05 — 409 — 2019 — 4011 + 6013 4 12013 — 015 — 4015 + 2016 — 8017 — O15 — 4019 +
5031 +80y;)

72 (=01 =20) + 55 (=205 + 401, — 201, — 4013)

(=05 — 409 +2019 — 8011 + 6012 + 12013 — 014 — 40,5 — 2016 — 4017 — O15 — 2019 — 2059 — Oy —
402)

27 (04 4 205) 4+ 755201, + 4013 4+ 2014 — 4017 + O15 — 6019 + 205 + 051 — 1207)

= 2( 204 — 40s5) + m4( 203 — 809 — 4019 — 8041 + 1201, + 2403 — 2014 — 805 + 4016 — 16017 + 2015 — 12019 + 404 +
20, —240x)

(=301 +202) + 15 (—405 + 80y — 40,9 — 40y, — 60, +40,3)

ﬁ(—SOl +20,) + ﬁ(—Og — 1209 + 20,9 + 80,1 + 18012 — 12013 — 3014 — 40,5 — 6016 + 4017 — 30,5 — 6019 + 20,9 —
305 +402)

27 (304 — 205) + 12601, — 4013 + 4014 — 8015 + 4016 + 4017 4+ 3015 — 18019 — 205 + 30,1 + 120)

ﬁ(—604 +405) + L (=605 — 809 — 120,y + 80, + 360, — 2403 — 2014 — 2405 + 406 + 1607 + 6015 — 3609 —
4020 + 6021 + 24022)

ﬁ(ols + 2019 + 202 + 021 +402)
o7 (4015 — 8019 + 80y + 40y — 160),)
IG#(Og + 409 + 20,9 + 401, — 801, — 16013 — 4014 — 8016 + 16017 — 405 + 8019 — 80,9 — 40, + 1601,)
]6#(—03 — 409 — 20,9 — 40, +40,;, +80,3)
7o (014 + 4015 + 2016 + 4017 + O15 + 2019 + 2050 + 051 + 401)
ﬁ(—os — 409 — 2019 — 40, + 8012 + 1603 4+ 1606 — 1607 + 160, + 1602,)
16]7(08 + 409 + 20,9 +401,)
16," 157 (08 +409 + 2010 +401;)
7o (—0143 — 4015 — 20,5 — 4017)
7o7(2014 + 8015 + 4016 + 8017)
77 (3015 + 6019 — 20 + 305 — 40x)
a7 (12015 — 24019 — 80 + 120, + 1602,)
ﬁ(—:ﬁos —409 — 609 +40,; + 240, — 1603 + 12014 — 3205 + 240,65 + 1607 + 120,35 — 24019 — 80 + 120, 4 1607,)
ﬁ(—Og — 409 — 20,9 — 40, + 401, + 80,3)
(3014 + 4015 + 6016 — 4017 + 3015 + 6019 — 205 + 3021 — 401)
WGOS + 40y + 60,9 — 401,)
a7 (305 + 409 + 60,9 — 401))
o7 (3014 — 4015 — 6016 + 4017)
7o7(6014 4+ 8015 + 12016 — 8017)
16#14(903 — 1209 + 1800 +4011)
s 1905 — 1204 + 1801 + 401,)
(=904 + 1205 — 1806 — 40:7)
== (18014 — 2405 + 3606 + 80,7)

= (=0 —20,) +

4m= 16m

16m

l6m4
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TABLE V. O(¢°), O(¢?), and O(q*) nonrelativistic NN contact Lagrangian terms. The left (right) arrow on V indicates that the derivative

acts on the left (right) nucleon field.

L= < =
Os (NTN)(NTN) Oy (N'V-VN)YN'V - VN)
" " " - <~ -
Or (N'oN)-(N'aN) O i(N'e-V x VNYNTV2N)+H.c.
— - o« - <«
0, (NTN)(NTV2N)+H.c. O3 iN'"e-V x VNY(N'V - VN)
L= & . . =
0, (NTN)NTV - VN) Oy (NTo/N)(NTo/ V*N) +H.c.
e — = =
0; i(NTaN)- (NTV x VN) Ois (NToiV - VN)NT6/V2N) + He.
P .= . = . &
0,4 (NTo/N)(N'oi V2N) + H.c. O (NToi V2N)(NToi V2N)
. . = & P S e . = &
Os (NTo/N)Y(NTo/V - VN) 017 (N'6’V - VN)N'0/V - VN)
- — — e
Os (N'o- VN)(NTo- VN)+H.c. O3 (N'oe- VN)(N'6 - V V2N) +H.c.
0, (N - VN)(N'o - VN) 019 (N'o - VN)(N'o - V V2N) + H.c.
" = . = e
Og (NTN)YWNTV*N)+H.c. Oy (N'e- VN)(N'6-VV - VN)+Hec.
- - < . = . =«
0y (NTV2NYWNTV . VN) + He. 05 (N'o- VN)(N'o - V V2N) + H.c.
) <, = P
O (NTV2N)NTV2N) O (N'o-VN)N'e-VV .-VN)
baryon. We hope that the present work can motivate more APPENDIX

studies in this direction.
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In this Appendix, we list the nonrelativistic Lagrangian
terms up to order O(g*). Compared to the covariant case, the
procedures to construct the nonrelativistic contact Lagrangian
is simple and straightforward. The basic requirement for a
nonrelativistic Lagrangian is that the Lagrangian must be
scalar. Because of parity constraints, the nonrelativistic La-
grangian must contain an even number of gradient operators.
Because the three-momentum of the nucleon is the only small
expansion parameter in the nonrelativistic power counting, to
the nth order, one needs to include n gradient operators. Using
the criteria listed above, one can easily construct the nonrela-
tivistic Lagrangians up to order O(g*). They are summarized
in Table V, where N and N* donate the nucleon field and its
Hermitian conjugate, and V refers to the gradient operator.
Note that (NTVN)(NTN) = —(N'N)(NTVN) since we are
working in the center-of-mass frame.
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