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Relativity constraints on the two-nucleon contact interaction
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We construct the most general, relativistically invariant, contact Lagrangian at order Q in the power counting,
with O denoting the low momentum scale. A complete, but nonminimal, set of (contact) interaction terms
is identified, which upon nonrelativistic reduction generate two leading independent operator combinations of
order Q° and seven subleading ones of order Q?>—a result derived previously in the heavy-baryon formulation
of effective field theories (EFTs). We show that Poincaré covariance of the theory requires that additional terms
with fixed coefficients be included, to describe the two-nucleon potential in reference frames other than the
center-of-mass frame. These terms will contribute in systems with mass number A > 2, and their impact on EFT
calculations of binding energies and scattering observables in these systems should be studied.
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I. INTRODUCTION AND CONCLUSIONS

Chiral effective field theory (xEFT), pioneered by
Weinberg in a series of seminal papers almost two decades
ago [1], has led to a novel understanding of strong interactions
in nuclei by providing a direct link between these interactions
and the symmetries of quantum chromodynamics, including
chiral symmetry with its explicit and dynamical breaking
mechanisms (see review papers in Refs. [2]). In its original
form, yEFT is formulated in terms of pions and (nonrela-
tivistic) nucleons, whose interactions, strongly constrained by
chiral symmetry, are organized as an expansion in powers
of small momenta Q. All heavier degrees of freedom are
“integrated out,” and their effects are implicitly subsumed
in the coupling constants accompanying local vertices. At
sufficiently low energy, even the pions can be integrated out,
and the nucleons only interact through contact vertices. In
either case, two-nucleon (INN) contact interactions are an
important aspect of EFT descriptions. In the present paper we
examine the constraints that relativistic covariance imposes on
the resulting NN potential up to order Q2 (or next-to-next
leading order, N2LO).

At leading order (LO) (Q°) in the low-energy expansion
there are only two independent contact interactions [1],

LY =-1csos - cror, (L.1)

where Cg and C7 denote low-energy constants (LECs), and the
operators Og and O7 are defined in terms of the nonrelativistic
nucleon field N(x),

dp

N(x) = / ——3bs(p) xse™",

By (1.2)

and its adjoint in Table I. Here b,(p) and b;r (p) are annihilation
and creation operators for a nucleon in spin state s, satisfying
standard anticommutation relations, that is, [b,(p), b;r, ™)y =
2m)38(p — p')dsy. A sum over the repeated index s = £1/2
is implied, and it is understood that field operator products are
normal ordered in Og and O (as well as in the O;s defined in
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the following). We have suppressed isospin indices, since they
will not enter in the discussion to follow (see Sec. Il A). The
corresponding N N potential reads

v = Cg + Croy - 0s. (1.3)

At the next nonvanishing order, N2LO, the contact La-
grangian involving two derivatives of the nucleon fields has
been written in Ref. [3] as consisting of 14 operators:

14
2) /
LP ==Y clo,
i=1

where the O;s are listed in Table I and the C; are LECs. In
fact, we showed in Ref. [4] that, after partial integrations, only
12 out of these 14 operators are independent, since

(1.4)

07+2010=03+2011, 04+ 0s5=06 (1.5

In a general frame in which the N N pair has total momentum
P and initial and final relative momenta, respectively, p and p’,
the potential derived from the Lagrangian L’?) is conveniently
separated into a term, V€12, independent of P [3,5] and one,
USTZ, dependent on it [4]:

vk, K) = C k%> + C2K? + (C3k*> + C4K %oy - 02

o) +0>

+iCs -Kxk

+C6(71-k0'2-k+C70'1'K02-K, (16)
STk, K) = in% Pxk+Ci(o, Poy-K
—0'1-KO’z-P)-{-(C;—FCZO']-O’z)PZ

+C§k0'1 -Po, - P, (L.7)

where the momenta k and K are defined as k=p' —p

and K= (p'+p)/2, and the C;s (i =1,...,7) and C/s

(i=1,...,5) are in a one-to-one correspondence with

the LECs Cjs multiplying the 12 independent operators
(see Refs. [3-5]).
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TABLEI. Operators entering the LO (Q°) and N>LO (Q?) contact
interactions [3]. The left (right) arrow on V indicates that the gradient
acts on the left (right) field. Normal ordering of the field operator
products is understood.

Os (NTN)(NTN)
Or (NteN)- (NTo N)
—
0, (NTVN)?+Hec.
— L=
0, (NTVN)-(NTVN)
. —=2
0; (NTNYNTV N)+He.
— <~
0, i(N'VN). (N'V xoN)+H.c.
<~ —
Os IINTNYNTV -6 x VN)
L& =
Os i(NTeN) - (NTV x VN)
. — —
0 (Nfe - VN)(Nie - VN)+H.c.
. —>k k—)
Oy (N'e/V*N)NTe*V/N) + H.c.
Oy (N'e/V*N)(NTe/V*N) + H.c.
, — <~
O (Nfe - VN)NTV -oN)
" —>k < X
O (NTeIVENYNTVIGEN)
O (N1 I VENYNTVEGIN)
O13 (N'V -6 V/N)Nio/N)+H.c.
~ . = .
O 2ANT Vol VN)YNIc/N)

We argued in Ref. [4] that the P-dependent terms represent
boost corrections to the LO potential v“™ and that the C;'s,
rather than being independent LECs, are in fact related to Cy
and Cr as

. Cs—Cr . Cr N Cs
C] = —21 C2 = _25 3 = __25
4dm 2m 4m (1.8)
. Cr . '
=g =0

where m is the nucleon mass. This result is derived
in relativistic quantum mechanics—its  instant-form
formulation [6]—by requiring that the commutation
relations of the Poincaré group generators are satisfied, which,
to order P2 / m2, leads to the elegant relation [7,8]

P? i
—WUCTO + ﬁ[P -rP - P, UCTO]

CT2 __
Vp =~ =

CTO]’ (1'9)

+ (61 —02) x P-p,v
8m?

where r and p are, respectively, the relative position and
momentum operators. The potential vSTz(k, K) then follows
by evaluating the commutators in momentum space, and by re-
taining only contributions of order Q? (where we assume here
P ~ k ~ K ~ Q). That there are dynamical corrections to the
N N interaction, when it is boosted to an arbitrary frame, is not
surprising, as in instant-form relativistic quantum mechanics
interactions enter both the Hamiltonian and boost generators.
In the present paper, we justify this claim in an EFT
setting. We proceed in two steps. First, we construct, up to
order Q? included, the most general Hermitian Lagrangian
density allowed by invariance under transformations of the
Lorentz group and by the discrete symmetries of the strong
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interaction. After performing its nonrelativistic reduction, we
find that there are two independent operator combinations of
order Q°, accompanied by specific Q2 corrections, and seven
independent operator combinations of order Q>—a result also
obtained [9] in the heavy-baryon formulation [10] of E(Iz) by
requiring that it be re-parametrization invariant [11].

Second, we show that this same picture emerges within
the nonrelativistic theory in the context of a systematic power
counting, by enforcing that the commutation relations among
the Poincaré group generators are satisfied order by order in
the low-energy expansion (for a similar approach, in a different
context, see Ref. [12]). The correspondence between the C;'s
and Cg, Cr is recovered, showing that the commutator relation
in Eq. (1.9) remains valid in a EFT framework. Thus, to
determine the boost corrections of order Q to the complete LO
chiral potential, which also includes the one-pion-exchange
term, one can either use Eq. (1.9) or compute the potential in
an arbitrary frame starting from the Lagrangian of the covariant
theory.

These boost corrections should be taken into account in
XxEFT (and EFT) calculations of nuclei with mass number
A > 2. So far, they have been evaluated, for the case of
realistic potentials, in the A =3 and 4 binding energies,
where they have been found to give, respectively, about
400 keV and 1.9 MeV repulsive contributions [8], as well as in
three-nucleon scattering observables [13], where, in particular,
they have led to an increase of the discrepancy between theory
and experiment in the nd vector analyzing power.

II. NONRELATIVISTIC REDUCTION

To begin, we observe that, although the relativistic theory is
written in terms of fermion fields ¥ = ¥ 4 1) containing
both positive- and negative-energy components, the latter play
no role in the NN contact potential at order Q? of interest
here. This is because antinucleon degrees of freedom only
enter via loop corrections, and each loop is suppressed by a
factor O in time-ordered perturbation theory (examples of
which are shown in Fig. 1). Hence, the two-derivative contact
Lagrangian (of order Q?) can be derived, without any loss of
generality, starting from the relativistic theory and ignoring
the negative energy components.

A. Generalities and strategy

The building blocks of the relativistic contact La-
grangian are products of fermion bilinears with space-time

FIG. 1. Time-ordered diagrams contributing to the N N scattering
amplitude and involving nucleons (solid lines) and antinucleons
(dashed lines) interacting through the contact vertices at order Q° and
Q? (solid circle). Note that at order Q? the diagrams with antinucleons
do not contribute (see text for explanation).
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TABLE II. Transformation properties of the fermion bilinears
(with the different elements of the Clifford algebra), Levi-Civita
tensor, and derivative operators under parity (P), charge conjugation
(C), and Hermitian conjugation (H.c.). The symbol 9, in the last
column stands for the four-gradient acting on the whole fermion
bilinear.

<

1 Vs Yu YuVs Oy €uvpo im O

P + - + - + - + +

C + + - + - + — +

H.c. + - + + + + - +

structures

_;'_E))a;gﬁ"'r 8)\au_“_;~5a;~5tn'r ,
@y AV) W 5¥)

2.1)

< —> <~
where 9% = 0% — 0% and the I's denote generic elements
of the Clifford algebra, expanded in the usual basis 1, ys, y*,
ytys, o’ or the Levi-Civita tensor €*?? (with the convention
€912 = _1). In this equation, N, stands for the number of

four-gradients (both 5) and 0*) entering the formula, and the
factor 1/(2m)™ has been introduced so that all contact terms
will have the same dimension. The Lorentz indices «, ..., T
on the partial derivatives are contracted among themselves
and/or with those in the I' 4 g. (For ease of presentation, these
indices, unless necessary, will be suppressed hereafter.) To
have flavor singlets, the isospin structure of the two bilinears
must be either 1 ® 1 or % ® t¢. However, the latter needs not
be considered, as it can be eliminated by Fierz rearrangement.
A few remarks are now in order. First, the Lagrangian
density should be Hermitian and invariant under charge
conjugation (C) and parity (). We list the transformation
properties of the fermion bilinears in Table II. While the
Hermiticity condition does not impose any constraint, since
one can always multiply the individual bilinears by appropriate
factors of i, the C and P symmetries must be enforced.
Second, we observe that derivatives d acting on the whole

bilinear are of order 0, whereas derivatives 5) acting inside a
bilinear are of order Q° owing to the presence of the nucleon
mass. Therefore, at each order in the power counting, only
a finite number of 9 appears, while it is possible to have, in

<>
principle, any number of 9. The situation is not so hopeless,

<> <>
however. For instance, the contracted product 9,0 * inside
a bilinear yields a squared mass term (without derivatives)
plus a 9,0 acting on the whole bilinear, which is suppressed

by Q2. Similarly, a term like aES’M yH, resulting from the

contraction, in a bilinear of 3,1 with one of the elements of the
Clifford algebra, can be replaced by a term without derivatives
by making use of the equations of motion, that is, igyy = myr
and its adjoint. For example, one has

Vi, oY =TGP+ Py — ')

=—3" (V). (2.2)
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Hence, in general, no two Lorentz indices in a fermion bilinear
can be contracted with one another, except for the Levi-Civita
tensor and for the (suppressed) 3% acting on the whole bilinear
(see also Ref. [14]).

Some of the most problematic terms are of the type

~ 1 _ o < <
(n) . . 0y U
Or,r, = e (1,0 R L 2 Ry FAW)

<> <> <>

X (Y 10,10y, + - 0, Tpatp) (2.3)
since, as already stated, n can be any integer. In fact, a
little thought shows that terms with n» > 1 do not introduce
any new operator structure up to O(Q?) included. This
is most easily seen by considering the matrix elements
of such terms between initial and final two-nucleon states
with momenta, respectively, p;, p> and ps3, ps. These matrix
elements consist of the product of two factors: one given
(in a schematic notation) by (u3I'§u1)(u4I"pu2), where the
u; denote Dirac spinors, and another involving the particles’
four-momenta,

[(p1 + p3) - (p2 + po)]"

, 24
(2m)2” ( )
which to O(Q?) can be approximated as
I+ [0+ D2+ B — (01 +p3) - (2 +po)]. (2.5)
) P17P2 = P53 TPy — (P1 = P3) - (P2 = P4) |- .

Therefore, as discussed in more detail in the next section, one
only needs, in practice, to account for terms of type (2.3) with
n=20,1.

B. Lagrangian to order Q2

Following the criteria laid out in the previous section,
a complete but nonminimal set consisting of 36 P- and
C-conserving operators, denoted as O;, is obtained. They are
listed in Table III. Note that some operator structures are
missing, since they do not contribute at order 02. For instance,
operators having the 1 ® ys structure are at least of order
Q*: P symmetry requires the presence of an e***¥ whose
indices (three of which are spacelike) must be contracted with
partial derivatives, and an additional factor Q comes from the
presence of ys, which mixes large and small components of
the Dirac spinors. -

The nonrelativistic reduction of the O; up to terms of order
0? included is tedious but straightforward. To this end, the
relativistic field [specifically, its positive-energy component,
where the (4) superscript has been dropped for simplicity]

_ dp EN (s) —ip-x
veo = | B £ D@00
with normalizations
e Tt E[’ 3 ’
[bs(P), by (P)]+ = ——(27) 8(p — P sy
n (2.7)

7P (p) = 8y
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TABLE III. A complete, but nonminimal, set of relativistic con-
tact interactions. Note that the field operator products are understood
to be normal ordered.

191 0, W)P)

0, (i 3T 5, )

0; e (UI YY)
19y O L @i Gy

Js s (Wi 8 8 Wy 5, )

Js S (Fi 9, VPT YY)
187y 0Oy s € (T 979 (i 5y ysyr)
Ys®ys  Os (Yiysy)(Wiysy)
@0 O P as Wiys ) (Wi § ")

Oio T Wiysi 9" o)
yey O Gy )

01> @y 8 WGy 8, ¥)

Oy @y NPTy

s Ly @i 8, ¥)

Ois @y 3% 3V T yai Dy i Do V)
y®vys O ez €wap (YY" Y)Y (i 3y sy

O P (FY i 3 ) Py Pysy)

Ois e (Fy7i 990" (Wi 5, i 3y ys)
YVs ®y¥s Oro Wyt ysv)Wyuys¥)

O S @yrysi 8 Vs 9u ¥)

01 Uy s 02y ysv)

O L Fyrysi @ veysi 9, V)
yr®ao O e Cas TV YW i 9 ")

O ﬁﬂwaﬂ(wyuysi 3V¢)(Ei 3”1' Sy a*Pyr)

s e (" ysi 8 V)T Y)

O ez €uas Wy ysi 8 37 WTai 9, ¥)

O T uap (DY ys )P Wi 5 o)

O s s Py ysi 3 I (FoPp)

00 s €uap (WY ysi 0" Y)Wi 9, i 9 0Pp)
O is€umap(Wy™ysi 07 0, VIWi 9P )

c®o O LG o)
03, S (o™i § YT oui da )
O, o (o )@ (o)
Ox T o 5 YW Do 0

535 ﬁeﬂvyéeaﬁpa(aaﬂvi a}/l 3/7!”)(%0%5 881 BUW)
536 32]76/1\);/86%‘3/7(7(@0—#”1. a vi a9 pw.)aﬁaa(%aaﬁw)

is expanded in terms of the nonrelativistic field N(x), defined
in Eq. (1.2), as

oor=[(8) (%)

1 V2 3
+ 2 < 0 )} N(x) + O(Q7). (2.8)
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Note that the relativistic (3) and nonrelativistic (b) versions
of the annihilation operator are related to each other by
bs(p) = \/m/E, by(p). Partial integrations and use of the
fields’ equations of motion to eliminate time derivatives,
I — < 0 t i <~ =
—v v =y [1-—y - (V+V)|y
2m 2m
1 pl e 0]
=N'N— —=N[(V+V)
8m?
P e 4 3
+2ie -V x VIN +0(0Q"),
o

(2.9)

lead to the operators of Table IV. They are given there
as linear combinations of the operator basis O;, defined
previously (see Table I).

Returning briefly to the discussion of the terms of type
5(;;)“ in Eq. (2.3), we find that it is useful to sepa-
rate such terms into three classes, depending on whether
the nonrelativistic expansion of the spinor matrix element
@3T%u))@sTpun) is (i) 1+0(Q?) (class 1), (i) +o -
0,+0(0?) (class II), or (iii) O(Q?) (class III). Making use
of the relations (2.8) and (2.9), we find that terms in class I
reduce to

~N(n ~N(n= n
Oy, = OFF) + 7 (01 =20, =203) + 0(Q").
(2.10)
whereas those in class II reduce to
~n ~ n
O, = 01, £ 75 (300 +2012+2015) + 02",
(2.11)

and lastly the terms in class III are simply given, for any n, by
51(-';?? up to corrections O(Q*). A quick glance at Tables IIT
and IV shgws thaL these relati0~ns are vgriﬁed: Consider, fgr
example, O and O, in class I, O,y and O5; in class I, and Og
in class III, and their corresponding nonrelativistic reductions.

Inspection of Table IV shows that a set of linearly

independent operator combinations can be defined as
Os + (01 + O3 + Os + 0g)/(4m?),
Or — (05 + Og — 07 + O3 + 201> + 014)/(4m?),
01+20,, 20,4 03, O0O9+2012, Og+ O1a,
Os — O, 074201, O7+ O3+203, (2.12)

consisting of two leading (of order Q°) and seven subleading
(Q?) ones, in agreement with the results of an analysis based
on the heavy-baryon formulation of EFT [9,15], so that the
effective Lagrangian can be written as

1 1
L=—=Cs|O0s+ —(014 O3+ 05 + Og)
2 4m?
1

1
—=Cr | O7r—-—=(0s5+ Og — O7+ O3 +2012+ O14)
2 4m?

1 1
- §C1(01 +20,) + §C2(202 + 03)

1 1
- §C3(09 +2012) — §C4(09 + O14)
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TABLE IV. The nonrelativistic expressions, up to order Q? included, corresponding to the contact

interactions of Table II1.

ohe Os + 75(01 +205 + 205 +205)

oy® Os + 720, +205)

5§\]R 201 +207)

e Os + (0, =20, +20¢)

ONR Os + 7520, — 40, — 205 +205)

5ER 4,,%(01 +20,)

Oy® (=205 +20)

oF® (07 +204)

5§R 4,,%2(207 +40)

ONR (=207 —40y)

ot Os + 75(=40; — 205 + 404 + 01 — Oy + 201y — 2012)
ONR Os + 25(01 — 60, — 205 — 205 + 40 + 07 — Oy + 2019 — 201,)
23 72 (01 +20y)

O} Os + 755(0) — 60, — 205 — 205 + 40)

ONR Os + 1520, — 80, — 405 — 205 +40)

ONR (=205 +206 + 07 — 09 +2059 — 2012

5{\;}{ 4,,,%(—07 + 09 — 2019+ 201)

o (=205 +204)

o ~Or — 755(=206 + 07 — 0y — 2019 — 201, + 2015 — 2014)
ONR ~O0r — 755(=205 + 07 + 20, — 2019 +20,3)

2 (=05 —201)

o0y 72(—207 =205 —4013)

ONR —0r — (=206 +20; — 0y =201, + 20,5 — 20,

ONR 071 — 75(=206 +207 + 204 +2013)

ONR —O07 — $55(=205 =205 + 0y — 201, — 2013)

ONR ~0r — 55(=205 — 204 + 40y — 2013 +201y)

Q%R (=09 —201)

o (=09 — 201))

03 (=20, — 205 — 40y3)

ONR (=05 + 05 — 07 — O3 +20y — 2013 +201)

ONR Or 4 72(=01 =20, — 405 + 206 + 07 — 205 + 20,9 — 401, — 2013)
ON O+ 24(—01 =20, =405+ 206 + 07 — 205 + 30 + 20,9 — 201, — 2015 + 2014)
ot (05 +201)

ONR (10, = 0, =205 +205 — 07 — O3 +20y — 20,3 +20.4)
O (40, + 404+ 8013)

ox 5207 +40)

1 1
+ ZC5(06 - 0s) — §C6(O7 +2010)

1
- EC7(07 + O3 +2013). (2.13)
Evaluation of the matrix elements of the operators O;
between initial and final two-nucleon states with momenta
P/2+p,P/2 —pand P/2 +p/,P/2 — p/, that is,

0.(p'. p:P) = / dx(P/2 41,

P/2 —p'|0;|P/2 + p, P/2 — p), (2.14)

shows that these seven subleading combinations give vanishing
P-dependent contributions and in fact lead, in the center-
of-mass frame, to the seven k- and K-dependent terms
occurring in v°"?(k, K), Eq. (1.6). Similarly, the two leading

combinations and associated 1/m? corrections—the first two
lines of Eq. (2.12)—give rise, respectively, to the P-dependent
terms

P? i
—ﬁ—l—m(al—az)-ka (2.15)
and
P? i
—5,301 ~62—m(01 —07)-Pxk
+% (01-Por, K—0,-Ko, -P), (2.16)

which, after multiplication by Cs/2 and Cr /2, are precisely
the terms entering the potential vgn(k, K) in Eq. (1.7).
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III. POINCARE ALGEBRA CONSTRAINTS

As an alternative to the procedure discussed in the previous
section, one can impose the Poincaré algebra constraints on
the Hamiltonians derived from the Lagrangians in Egs. (1.1)
and (1.4), Hg") = —L(I"). In the instant form of relativistic
dynamics, the interactions affect not only the Hamiltonian H

[JE, JI] = iek gk,

[(Ki, PI]=i8H, [J,P/]=iel*pk,

The free Lorentz boost generators are derived from the
energy-momentum tensor of the free fermionic theory 7" =

/2T y" 3" as

K= /dx(xfT"O — 1T, (3.3)

where, for the time being, i denotes the field with
both positive- and negative-energy components. The use
of the symmetric energy-momentum tensor, the Belinfante

tensor [16],
OM = TH + L0 [y*, o™ ], (3.4

would make no difference. Insertion of the field expansions in
terms of normal modes in this equation and manipulations of
the resulting expressions lead to

i i dp ﬂ =~ o~
fo=3 f Qr)y E, {Ep[bi(@) Vbu(@)]

+mBl @by () [u (p) V1 (p)]
+E,[d(p) Vi d,(p)]
—md (& @[V (p) Vv @]},

where d and d' are annihilation and creation operators for
antinucleons, and Vl’, denotes a derivative with respect to

(3.5)

p'. Note that K(’, is time independent, since it is the spatial
integral of the time component (p = 0) of a conserved current,
9, M*% = 0 with MP* = x"©@P* — x*©F". By making use of

(Ko, bs(p)] = —i E,V pbs(p) — X 0 4by(p)

1
2m+ EpP
(3.6)

and a similar relation for g}(p), in which the only difference
is the sign of the second term on the right-hand-side of
Eq. (3.6), one can show that the following commutation
relations between the “free” generators are fulfilled:

[K(l), P]] — i(Sino, [K07 HO] _ lP, (37)
where
P\ [ dp m [P\ o~ o~
<H ) ~ ] @nYE, (E,) [b!(P)bs(p) + d! (p)d,(p)]. (3.8)

[Ki, K/ = —iek gk,
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but also the boost generators K. We write
H=Hy+H, K=Ky+K;, P=Py, J=1Jo (3.1

to distinguish between the operators in the absence (with
subscript 0) and in the presence (without subscript) of
interactions, and we impose the following commutation
relations:

[J7, K/] = i K*,
[K', H] =iP',

[P", P"] =0,

2
[Ji, H] = 0. (32)

We now turn our attention to the interacting theory. The
addition of an interaction term

H; = /dx Hit =0,%x) (3.9)
requires the addition of a corresponding term K; in the boost
generators, as inspection of the first commutator on the second
line of Eq. (3.2) makes clear. Quite generally, this term can be
expressed as K; = W + 6W, where
W= /dxx H;(0, x) (3.10)

and SW is translationally invariant; that is, [§W’, P/] = 0.
This latter condition ensures that the commutator [Ki, P/ =
i6" H is satisfied, since [W', P/] =i8" H;. A “minimal”
choice would correspond to the case §W = 0 [7,8].

To proceed systematically, it is useful to introduce the
following low-energy power counting:

Hy ~ Q"+ 0(Q%, P~ 0,
J~0% Ko~07'+0(0h,
which follows by observing that b and b', as well as their
nonrelativistic counterparts b and b, each scale as Q=32 and
by expanding E, and the Dirac spinors in powers of p/m.
We now require that the commutation relations among the

Poincaré group generators be satisfied order by order in this
power counting. To this end, it is useful to express

Ko = KK 4o,

(3.11)

Hy=H" +H® +---,
(3.12)

where the superscript (n) denotes the order in our power
counting, that is, Kg’), Hé") ~ Q". Then the commutators of

Kf)") and H(g") with the nonrelativistic annihilation operator
by(p) read at leading order as

[KS ™", by(p)] = —imVypby(p), [HY, bs(p)] = —mb,(p)

(3.13)

and at next to leading order as
2
7
2m

X 5yby (D) — i 2-by(p),  (3.14)
2m

(K. bu(p)] = —i 2V b () —
0 ° _S‘p - psp 4mp
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2
[ b,®)] = =2 -b,(P). (3.15)
where the last term in Eq. (3.14) comes from the gradient
Vp acting on the factor /E,/m relating by(p) to bs(p).
It can now be shown that only the subleading terms of
(K}, K1 and [Ko, Hyl, respectively of order Q° and Q', are
nonvanishing, consistently with the power counting for the
angular momentum (J) and linear momentum (P) operators,
established in Eq. (3.12).
We write the interaction Hamiltonian as

H; = H® + HY, (3.16)

where H® and H® are obtained from the Lagrangians in
Egs. (1.1) and (1.4), and the superscripts denote the order in

our power counting. Correspondingly, we have
W =W+ W®, (3.17)

If we assume, for the time being, §W = 0, the relations to
satisfy are

[Ko+ W+ w® KW w®i ]

= —iepd* = [K) K], (3.18)
[Ko+ W+ W@ .o Hy+ HY + H® 4. ]
= iP = [Ko, Ho], (3.19)

where the - - - represent additional terms to be determined in
the following. These relations impose nontrivial constraints on
H® and H®. We first examine those on H®.

By expanding Ky and Hj as in Eq. (3.12), we find that the
leading order relations

(3.20)
(3.21)

(K W] 4+ [, k] =0,
K", HO]+ [We, 5] = 0

are fulfilled (see the Appendix), so that inclusion of the
(leading) contact Hamiltonian

1
H® = 3 / dx(CsO0s + CrO7) = CsHY + CrHY
(3.22)

does not spoil the Poincaré covariance of the theory (in leading
order)—the operators Og, O7, and O; are those defined in

Table 1. At next-to-leading order, we may split H® as
H® = HY + H, (3.23)

where Hl(s) and the corresponding W(14) are found by imposing
the relations

[ W] W 3 s )

+[w kY] =0, (3.24)
K, )4 K5 17 + (W,
+[W, 5] = 0. (3.25)
After some algebra (see the Appendix), we find that
HY = CsHY + CrHY (3.26)
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with
1
HO = L / dx (01 + 03 + Os + Op), (3.27)
&m
1
HY = —5 dx(0s + Og — O7 + Og + 2012 + Oy).

(3.28)
The constraints involving Hz(j) and the corresponding w,
[ W]+ W3 ] =
(=D ) @ 7O
[Ky . B+ W5, Hy'] =0,

(3.29)
(3.30)

are fulfilled as long as the Hamiltonian HZ(S) is constructed out
of the seven subleading operators listed at the end of Sec. II B,
or combinations thereof. This is also shown in the Appendix.
The Hamiltonian HI(S) + HZ(S) leads to the P-dependent and
P-independent potentials in Egs. (1.6) and (1.7), in accordance
with the derivation presented in Sec. II.

In closing, we note that, although these constraints corre-
spond to the “minimal choice” §W = 0, the result holds in the
general case. Indeed, the requirement that §W commute with
the three-momentum operator implies that it be constructed as
a spatial integral of fields and their derivatives only. No factors
of x, which would lower the counting power, are allowed
inside the integral. The minimal power, in our counting, of
an interacting (two-body) boost operator §W is therefore 3,
but it is actually 4 if the relations (3.18)—(3.25) have to be
fulfilled order by order. As a result, the only contributions of
SW to Eqs. (3.24) and (3.25) are given by [SW@ K\ "]
and [SW®, H\”], both of which vanish, since SW, being
Hermitian, must contain an equal number of creation and
annihilation operators.

ACKNOWLEDGMENTS

One of the authors (R.S.) would like to thank the Physics
Department of the University of Pisa, the INFN Pisa branch,
and especially the Pisa group for the support and warm
hospitality extended to him on several occasions. The work of
R.S. is supported by the US Department of Energy, Office of
Nuclear Physics, under Contract No. DE-AC05-060R23177.

APPENDIX: CONSTRAINTS ON H® AND H®

In this appendix we outline the derivation of the leading-
and next-to-leading order relations in Egs. (3.20)-(3.21) and
Egs. (3.24)—(3.25) involving H®, as well as of the leading
order relations in Egs. (3.29)-(3.30) involving H®. For
brevity, we suppress spin indices, and we introduce the notation
Vi = V.., b = by, (px), and

4

i dpx
/ = / —i(p1—P2+P3—P4)-X 1_[ (A1)

e .
3
p 1V an)
Consider the commutator

[K(()— )i , W(Z)j] — [K(()—l)i , CS Wéz)j + CT W](?)j] , (A2)
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where the terms W(SZ) and W(Tz) correspond to the interactions
HS) and Hf) [see Eq. (3.22)], for example,

1 +
Wl =3 [axxavima, (A3)
Making use of
. 4
K5 o] =i (9. )l
k=1
we find that
4
5w =[x ()i
P \k=1
(AS5)

which vanishes after partial integrations with respect to the
prs—note the exponential factor in Eq. (Al). The terms
involving W(Tz) as well as those occurring in [KE)_I), H®] can
be worked out similarly, while those in [W®, Héo)] vanish,
since

[bib2blbs, H] = 0. (A6)
Thus each of the commutators entering the leading-order
relations vanishes.

Moving on to the next-to-leading order relations, consider
first H ;3). We obtain

1
[KE)I), H;”] — 2—/dx/ |:[i(p1 +p) + (P} — p3)x]
P

m

X blbyblby + b}

Pi ;pz x ab2b§b4} . (A7)

where the terms involving the momenta p3; and p4 reduce to
those with p; and p; after exchanging 3 = 1 and 4 = 2. The
linear term in x is canceled by [W(z), Héz)]. To cancel the rest,

one requires an interaction term H §5)’ given by
1
HY = —w/dx/[(pf + p3 4+ p2-Ps+pi - P3)blbrblbs
P

+ib](p1 X P2 — P3 X Pa) - 0brbby]
1
_ W/dx[(zvf‘vzzv + NIV NV
m

F NIV NN TN 4NV - x VN)NVTN)
+iVTeN) - (VT V x VN)], (A8)

and a corresponding W(;), which, however, commutes with

H(go). Proceeding in a similar fashion for H..’, one finds that

an interaction term H;S),

1 A . .
Hy = “8m? / dx/ [[267%p2 - (P1 + p3) + p3ph — P5p4
P
+ pl pk = ptpllblobabla* b,
+ibl(p3 X ps — p1 X P2) - 5brblby]

, — —
~ 5= dx[—(Nfe - VN)N'a - VN)
m

PHYSICAL REVIEW C 81, 034005 (2010)

<~ <~
—(N'e - VN)(N'o - VN)
+(NTa?VENYNTa*VIN)
< B <—
+(NTe/VEN)(NTo* VI N)
L= <
+2(NTa/VENYNTVEGIN)
<~ . —> .
+2(N'Vo/ . VN)NTo/N)
<~ —
+i(NTV -0 x VN)NIN)
<~ =
+i(NTeN) - (NTV x VN)I, (A9)

and a corresponding boost operator W(T4) are required to
satisfy the T piece of the commutators. Thus Eq. (3.25)
holds. Similarly, Eq. (3.24) can also be shown to hold. The
expressions for Hés) and H;S) correspond to those listed in
Egs. (3.27)—(3.28).

We now turn our attention to the constraint on HZ(S)
implied by Eq. (3.30). We first observe that the commutator
[W;4), Héo)] vanishes. Defining

[0:] E/dX K5, 0] (A10)
we find
[01] = —2im / dx / (P1 + P2)b] bablbs, (AlD)
P
(021 = im [ ax [ b1+ pb|bablp. (A12)
P
(03] = —2im / dx f (P1 + P2)b]bablbs, (A13)
P
[04] =0, (A14)
[0s] = —m / dx / (p1 — P2) X bjobablby, (A15)
P
[06] = m / dx f (p3 — Ps) x bjabblby, (A16)
P
(0] = —2im/dx/b}ab2b§(p3 +ps)-oby,  (AlT)
P
(041 = ~2im [ ax [ blob:bl(e +p2-abi (A9
P
[0o] = —2im/dx[(p1 +po)bloby - blab,,  (A19)
P
[010] = im / dx f blobabi(ps + ) - oba, (A20)
P
(01 =im [ ax [ blovsblmi+p-abi (a2
P
[01] = im/dx /(p1 +p2)blob, - blab,, (A22)
P
[Oi3] =im / debIszb;(Pl + P2+ P3+p4)oby,
P
(A23)
(011 = 2im [ dx [ o1+ poblova-blobs (a2
P
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and only seven combinations of these operators satisfy the
constraint in Eq. (3.30), such as those in Eq. (2.12). It is

PHYSICAL REVIEW C 81, 034005 (2010)

possible to show that these seven combinations also satisfy
the constraint of Eq. (3.29).
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