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Lorentz invariance in heavy particle effective theories
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Employing induced representations of the Lorentz group (Wigner’s little group construction), formal-
ism for constructing heavy particle effective Lagrangians is developed, and Lagrangian constraints
enforcing Lorentz invariance of the S matrix are derived. The relationship between Lorentz invariance
and reparametrization invariance is established and it is shown why a standard ansatz for implementing
reparametrization invariance in heavy fermion effective Lagrangians breaks down at order 1/M*.
Formalism for fields of arbitrary spin and for self-conjugate fields is presented, and the extension to

effective theories of massless fields is discussed.
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L. INTRODUCTION

Heavy particle effective field theories find a wide range
of applications in particle, nuclear and atomic physics
[1-5]. Recent investigations demand high orders in the
1/M expansion (see e.g., Refs. [6,7]), and involve con-
struction of effective theories for which a simple under-
lying ultraviolet completion is unknown, or unspecified
(see e.g., Ref. [8] and references therein). To avoid a
proliferation of undetermined constants, and to enable
efficient computations, it is important to recognize that
many Wilson coefficients are linked by Lorentz invariance
to coefficients appearing at lower orders. This may be
viewed in analogy to the constraints imposed by enforcing
invariance under broken chiral symmetries in low-energy
chiral effective field theories. The procedure for imple-
menting such chiral symmetry constraints, via the formal-
ism of nonlinear realizations, is well known [9,10]. It is
our aim here to bring similar clarity to the implementation
of Lorentz invariance in heavy particle effective field
theories, and to provide a practical and systematic imple-
mentation of Lorentz invariance constraints suitable for
arbitrary orders in phenomenological applications.

When the heavy particle is fundamental, we may derive
the effective theory Lagrangian by introducing a field
redefinition in the full theory. For example, in terms of
an arbitrary (spacetime independent) timelike unit vector
v#, the decomposition of a quark field Q(x) of mass M,

O(x) = e~ ™M [h,(x) + H,(x)] (1.
with ph, = h, and yH, = —H,, defines an effective
heavy quark field h,(x), and after integrating out the
antiparticle field H,(x), we arrive at the effective
Lagrangian for a heavy quark. Invariance of observables
under small changes of v, so-called reparametrization
invariance, enforces certain constraints on the coefficients
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of the effective Lagrangian [11]. These constraints are
consistent with the requirements of Lorentz invariance,
e.g., as imposed by matching effective theory S matrix
elements to Lorentz invariant full theory S matrix ele-
ments. However, this construction raises several questions.
Is reparametrization invariance a sufficient condition for
Lorentz invariance? How do we derive a reparametrization
transformation law without first constructing the under-
lying theory and explicitly integrating out degrees of free-
dom? For applications involving a composite particle such
as the proton, or hypothetical new particles that may not be
fundamental, we cannot in an obvious way introduce v as a
parameter inside of a field redefinition. What is the signifi-
cance of v in such cases? What is the general method for
constructing a Lorentz invariant heavy particle effective
field theory?

In this paper we present the formalism of induced rep-
resentations of the Lorentz group (Wigner’s little group
construction [12]) for application to field transformation
laws. The parameter v enters as an arbitrary reference
vector in the little group construction. The relationship
between Lorentz invariance and reparametrization invari-
ance is stated precisely, and a class of allowable repara-
metrization transformations is obtained. We find that a
standard ansatz for implementing reparametrization invari-
ance breaks down starting at order 1/M*. We explain this
subtlety and its resolution.

A large literature exists on topics relating to reparamet-
rization invariance, especially as applied to heavy quark
Lagrangians [11,13—-19]. We aim to present a conceptually
clear statement of the constraints imposed by Lorentz
invariance, and of the relationship between Lorentz invari-
ance and reparametrization invariance. At a practical level,
we derive explicit field transformation laws that can be
consistently used to build Lorentz invariant Lagrangians to
arbitrary order in 1/M.

The remainder of the paper is structured as follows. In
Sec. II we briefly review the construction of Lorentz in-
variant field theories based on finite dimensional represen-
tations of the Lorentz group. In Sec. III we introduce the
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formalism of induced representations and investigate the
necessary conditions for a Lorentz invariant S matrix.
Section IV establishes the connection between Lorentz
invariance and reparametrization invariance. A subtlety in
the identification of allowable reparametrization transfor-
mations is explained, and a correct solution to the invari-
ance equation (4.17) is found for applications to 1/M*
heavy fermion Lagrangians. Section V provides a brief
overview of the analogous framework for effective theories
describing energetic massless particles. Section VI con-
cludes with a discussion. Appendix A presents formalism
in covariant notation for arbitrary spin particles and for
self-conjugate fields. Appendix B describes the solution of
the invariance equation for the construction of invariant
operators to arbitrary order in 1/M.

I1. FINITE DIMENSIONAL REPRESENTATIONS
OF THE LORENTZ ALGEBRA

The standard method for constructing Lorentz invariant
Lagrangians postulates the field transformation law

¢a(x) - M(A)ab¢b(A7]x)! (21)

where M(A) is a finite dimensional (coordinate-
independent and, in general, nonunitary) representation of
the Lorentz group. In infinitesimal form, including also
spacetime translations ¢(x) — ¢(x — a), we have

Sp=ilagh—a-p—0-j+mn-k)o, (2.2)

where @ and 7 are infinitesimal rotation and boost parame-
ters, and the generators of the Poincaré group acting on
fields are'

h=id, (2.32)
p=—io, (2.3b)
j=rxp+3, (2.3¢)
k=rh—1tp=+i3, (2.3d)

with 3/ the (25 + 1)-dimensional matrix generators of the
spin-s representation of rotations (e.g., for spin-1/2 Weyl
fermions, X = ¢/2 with ¢ the Pauli matrices). Using
(2.1) it is straightforward to construct Lorentz invariant
actions, and correspondingly to prove Lorentz invariance
of the S matrix. Let us briefly review this procedure.’
Recall the Poincaré algebra for generators of time trans-
lations H, space translations P!, rotations J/, and boosts K':

lAWe use bold letters for Euclidean three-vectors, e.g., 9 =
(@) = @) = (9., 3, 9.).
For a pedagogical discussion, see Ref. [20].
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[H, P']=0, (2.4a)
[H,J]=0, (2.4b)
[P, PI1=0, (2.4c)
[Ji, PI] = i€l Pk, (2.4d)
[Ji, JI] = i€k gk, (2.4e)
[J, K/] = ie'kK¥, (2.41)
[H, K] = —iP, (2.4g)
[P, Ki1= —iH&Y, (2.4h)
(K, Ki]1= —ie'kJk, (2.41)

Having built a Lagrangian that is invariant under (2.2), we
may construct the corresponding conserved charges. Using
(2.3), we find in canonical quantization that these charges
obey the commutation relations (2.4).

Lorentz invariance of the S matrix demands that the
free-particle charges, denoted by Hy, Py, Jo, K(, commute
with the scattering operator, § = limy_,,Q(T)tQ(-T),
where Q(T) = e/#Te T We assume that momentum
and angular momentum operators for the interacting
theory are unchanged from the free theory and furthermore
demand translational and rotational invariance of the
interaction

P:PO) J=J0’

(2.5)
[H— Hy, Py]=[H — Hy, Jy] = 0.

Then [Py, S] = [Jo, S] = 0, and by the definition of S also
[Hy, §] = 0. Finally, if one can show (2.4g) and that an
asymptotic smoothness condition for AK = K — K, is
obeyed, it follows that

[Ko, ST = limy_[Ko, UT)TQ(—T)]
= limy_ o {—[eHTAKe T IQUT)tQ(—T)

+ QUDTQ(-T)[e HTAKe T} =0, (2.6)

completing the proof of the Lorentz invariance of the S
matrix. For later application, we note that of the commu-
tation relations involving K, it is only necessary to show
the relation (2.4g); relations (2.4f), (2.4h), and (2.41) are not
required to complete the proof.’

III. EFFECTIVE FIELD THEORY AND THE
LITTLE GROUP

The field transformation law (2.1), based on finite
dimensional representations of the Lorentz group, is not
suitable for heavy particle effective field theories. For
example, the associated irreducible representations of the
Lorentz group are chiral, in conflict with the low-energy

3In fact, these relations do follow from the observation that
having proven Lorentz invariance of the S matrix, it can be
shown that H, P, J and K are related to their free counterparts by
the similarity transformation ) (*00) [20].
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limit of a parity conserving theory such as QED or QCD.
Let us consider instead the class of infinite dimensional
induced representations. We first review their appearance
in transformations of physical states, and then apply them
as transformations acting on fields.

A. Little group formalism

Consider Lorentz transformations acting on the Hilbert
space of physical states for a spin-s particle of mass M.
These transformations are implemented by an induced
representation [12]. In terms of a fixed timelike reference
vector v# (we assume v2 = 1), define the associated little
group as the subgroup of Lorentz transformations leaving
v invariant, Av = v. The little group for massive particles
is isomorphic to SO(3), the group of rotations. Let L(p)
denote a standard Lorentz transformation taking Mv to p,
yielding a (momentum-dependent) mapping of the Lorentz
group into the little group,

A — W(A, p) = L(Ap) " 'AL(p). 3.1

We may define states to transform

schematically as

physical

pm)—= UA plp.my = 3 Dy WA, pYIIAp, m),

m'=—s

(3.2)

where p® = M? + p?, and D(W) is a spin-s representa-
tion matrix for rotations. A representation for the little
group thus induces a representation for the full Lorentz
group.

A convenient choice for the standard Lorentz transfor-
mation is L(p) = A(p/M,v), where A(w, v) denotes
the generalized rotation in the plane of the unit vectors v
and w such that A(w, v)v = w. This matrix is given by
A(w, v) = exp[—i0T ,pw*vP], with the Lorentz genera-
tors J,p defined in Eq. (A2) and the angle 6 chosen
appropriately [11]. In the vector and spinor representations
we have, respectively

Aw,v)*,=gt, — (wtw, +v*v,) +whu,
w

l1+v-
—vhw, + &(w“vy +vtw,), (3.3a)
l+v-w
1+w
A%(w, v)= 4 (3.3b)

\/2(1+v-w).

It is straightforward to verify that for elements of the little
group, i.e., rotations with Rv = v, this choice of L(p)
implies

W(R, p) =R, 3.4)

a property that greatly simplifies the construction of in-
variant Lagrangians (cf. Secs. [II C, IVA, and IV B below).
Other choices of L(p) do not share this property. For
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example, suppose that we introduce a spacelike vector s*
with s2 = —1. Then we may define L'(p) = R(p)B(p),
with B(p) a boost taking Mv* to MB(p)* v’ =
(v p)v* + (v - p)*> — M?s*, and R(p) a rotation taking
MB(p)*,v” to p*. Such an L/(p) provides a simple inter-
pretation of U[L(p)]|Mv, m) in terms of helicity eigen-
states (note that the spacelike vector is required to define a
direction for helicity decomposition), but this considera-
tion is secondary to the simplicity of (3.4) for our present
purposes.

The remaining independent Lorentz generators repre-
sent boosts that shift v. They can be chosen as B(g) =
A(v — g/M, v) with (v — g/M)?> = 1. The appearance of
the 1/M factor in v — g/M will be explained in Sec. IIIC
below. For an infinitesimal momentum ¢, which obeys
v - g = O(q?), these boosts are given by

vtq, — q"v,
B(‘])“V = g'uv + T + O(qz):

Big=1- 17+ o)

(3.5a)
(3.5b)
For the transformation (3.2), we find

(q*ph - p‘iqﬁ)]

(3.6)

i 1
W(B(q).p) =1-— E[m
X Tap + O(g?),

where for any four-vector k we define k} = k* — (v - k)v*.

B. Field transformation law and Lorentz invariance

In place of (2.1) let us postulate the transformation law
for free massive fields,

¢a(x) - D[W(A: ia)]ahd)b(A_lx)‘

For notational simplicity consider the special choice v =
(1,0,0,0). Equation (3.7) together with Eq. (3.6) corre-
sponds to replacing the boost generator (2.3d) by*

3 X
M+ VM-

The generators (2.3a)—(2.3c) together with (3.8) will satisfy
the Poincaré algebra when acting on fields satisfying

i0,6 = =IM* — 8¢,

It follows that the conserved charges derived from
a free field Lagrangian invariant under (3.7) will satisfy
2.4).

In contrast to (2.1), transformation (3.7) acts on the field
coordinates, spoiling gauge invariance. To include gauge

(3.7)

k=rh—tp=i (3.8)

(3.9

“For spin-1/2 particles, (3.8) may also be obtained by per-
forming a Foldy-Wouthuysen transformation on Eq. (2.3d)
[21,22].
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interactions, we promote the partial derivatives in (3.7) to
covariant derivatives D, = d,, — igA4t* =9, — igA

¢u(x) - D[W(A’ iD)]ub¢b(A71x)’

and correspondingly the infinitesimal generators become

oo

(3.10)

h=id, (3.11a)
p= —id, (3.11b)
J=rxXp+3, (3.11¢)
XD
k=rh—tpri— ="+ 0(g). (3.11d)
M+ M? = D?

In the expansion of D/(M + vM? — D?) we assume a
choice of ordering for the covariant derivatives. The O(g)
terms in k denote field strength-dependent corrections that
vanish for the noninteracting theory (i.e., g — 0). Such
O(g) terms can be introduced so that the resulting invariant
Lagrangian is in canonical form, i.e., where the only time
derivative acting on ¢ appears in the leading term,

L =iD, +..)¢.

The existence of suitable field strength-dependent terms,
ensuring a boost generator k which yields a nonzero in-
variant Lagrangian, is implied by the all-orders construc-
tion in Sec. IV and Appendix B. The explicit form of these
corrections is not required for the following argument.
Although the field-dependent generators (3.11) do not
obey simple commutation relations, we may nevertheless
show that the § matrix derived from the resulting invariant
action is Lorentz invariant (and hence that the conserved
charges in the interacting theory satisfy the Poincaré alge-
bra). To see this, we assume as before the relations (2.5).
Relation (2.4g) is satisfied if the explicit time dependence
of the conserved charge K satisfies dK/dt = — P, so that
d ad ) )
0=—K=—K+iHK|=-P+iHK] (3.13)
dt Jt
The fact that 9K/t = — P follows from the assumed form
of the infinitesimal generators (3.11). For the boost ¢ —
(1 + im - k)@, we find the conserved charge5

v (2L
K %z[dx5¢k¢+...

=Zi/d3x%[—tp]¢+... =—tP+....
¢

(3.12)

(3.14)

Here the important point is that the remaining terms have
no explicit time dependence, so that (3.13) follows.

Let us close this section with two comments. First, the
choice v = (1, 0, 0, 0) is not essential to the argument. The

>The first ellipsis in (3.14) includes possible contributions
from a surface term in 6 L, which do not affect the term with
explicit ¢ dependence in (3.14).
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generators for arbitrary v can be obtained by a coordinate
change using a boost which takes (1, 0, 0, 0) to v. While the
resulting explicit expressions for rotation and boost gen-
erators become more complicated, the demonstration of
Lorentz invariance is not essentially changed. Second,
having specified an ordering for covariant derivatives ap-
pearing in the boost generator k, additional field strength-
dependent corrections are determined at each order in 1/M
by enforcing that the resulting invariant Lagrangian is in
canonical form. We illustrate this with an explicit example
in the following subsection. The existence of such a
generator is implied by the analysis of Sec. IV and
Appendix B.

C. 1/M expansion and Lagrangian constraints

To enable the 1/M expansion we extract the rest mass by
the field redefinition,

P(x) = e ™M '(x).

In phenomenological applications it is also convenient to
work with nonrelativistic field normalization

(3.15)

M? N\

/ — i
P = () P01
We enforce invariance under (3.11a)—(3.11c) by ensuring
translational invariance (no explicit factors of x*) and
rotational invariance. For the boost transformation
(3.11d) we use § = —q/M in (2.2) to preserve the power
counting D, = O(1/M) in (3.18). This explains the appear-
ance of 1/M in (3.5). The resulting 1/M expansion
becomes®

ig-D ig-DD> X Xgq-D
_|_ J—
2M? 4M* 2M?
2

X [1 + %] + O(g, 1/M5)}¢”.

¢/I — e—iq~x{1 +
(3.17)

Gauge fields are assumed to transform as usual, in the
vector representation of the Lorentz group. Combined with
derivatives acting on the transformed coordinate in (3.17),
we have
D,— D, + 1 D D—D+ 1 D (3.18)
t t Mq ) Mq r .

To illustrate the constraints, consider the canonical form
of the Abelian gauged heavy spin-1/2 fermion effective
Lagrangian [i.e., nonrelativistic QED (NRQED)] through
O(1/M?3). 1dentifying ¢ = i as a two-component spinor
and setting g = —e we obtain [14,23]

For notational clarity we leave the coordinate change x —
x' = B~ 'x implicit and suppress primes on coordinates and
derivatives in (3.17) and (3.18).
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. D2 p* o B [0-E] . o (DXE-EXD)
L=y {lD, + 2507 + ¢y WE + cpe M + cpe e + icge e
{D? o - B} Dio - BD' oDB-D+D -Bo-D
+ cheW— szew Cp/pe 8M3
 {D',[d x B} B> — E? B
+lCMeT+CAl€2W_CA2€2 16M3 + @(1/M4)}l// (319)

Here we have defined E' = (—i/e)[D,, D'], €/*B* = (i/e)[ D, D’]. Under (3.17), a straightforward computation yields

5£=%5£1+#5£2+%5£3+..., (3.20)
where using ¥ = /2 in (3.17),
8L, = (1~ cy)ig- D]y, (3.21a)
6L, = 1/1*[— %(1 —c g D, D} + 2(1 —2cp +c5)o X q- E]z/f, (3.21b)
5Ls = [ eolDug- E1+ e = cp + 2ey)q [0 X B+ (e — g - D, D7)
+ %ecS{Dt, oXq-E}+ %e(cz +2cp —cg — 2cyy + 2cwa)iq - D, o - B}
H (et r = ey o Dg BY+ eyt s g oD B+ B- D)]lp. (3.21¢)

From 6 L, and 6 £,, we find

¢ =1, cg =2cp — 1. (3.22)

The variation 8§ L; is equivalent to zero upon a field
strength-dependent modification of the boost transforma-
tion (3.17),

iq-D_a'Xq-D+ icp

'E
M2 s

Y(x) — e—fw{l +

c 1 _
toteq o X E @(W)}lp(la ), (3.23)

and upon enforcing the constraints [7,14]

C4:1, 2CM=CD_CF,

Cwo2 = Cw1 — 1, Cp/p = Cp — 1. (324)

The computation of the complete Lagrangian at O(1/M*)
is presented in Ref. [24].

IV. REPARAMETRIZATION INVARIANCE AND
INVARIANT OPERATORS

While in practice it may be convenient to enforce
Lorentz invariance only after expanding the Lagrangian
in a series of rotationally invariant, but not Lorentz invari-
ant, operators, it is interesting to consider formalism that
permits an explicitly Lorentz invariant construction. This
formalism also addresses the question of existence of a

suitable boost generator, extending (3.23) to arbitrary order
in1/M.

This section begins by introducing covariant notation
that can either be used in place of the v = (1,0,0,0)
formalism above, or used to construct manifestly invariant
operators. The relation between Lorentz invariance and
reparametrization invariance is then demonstrated, and a
general discussion of the invariant operator method is
presented. In particular, we derive the necessary invariance
equation (4.17) and present the solution to order 1/M?>. A
systematic, all-orders solution of the invariance equation is
given in Appendix B.

A. Covariant notation

The formalism of Appendix A allows us to straightfor-
wardly extend the discussion to a general reference vector
v and to arbitrary spin. Consider a term in the Lagrangian
of the schematic form

d‘,y{...v,u...Du...yu...}d,w

where indices are contracted with g,, and €,,,,.
Invariance under generalized rotations of such a term in
the action follows using the field transformation (3.4),

¢, (x) = R, (x)), (4.2)

where x' = R~ !x. The transformation of the derivative
and the gauge field are as usual,

4.1
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gr — g = RH 7, AR — REAY(X).  (4.3)

If the Lagrangian is already constructed such that all vector
and spinor indices are contracted in (4.1), we can easily see
that the Lagrangian is invariant under generalized rotations
using the identities

vk =Ryt = RIRE YR (44)

2
According to (3.6), the infinitesimal boosts are imple-
mented by

¢,(x) = W(B,iD)¢,(x), 4.5

where x' = B 1x, together with the transformation of the
derivative and gauge field,

g — gk = BE G, AR(x) — BE,AY(X).  (4.6)

We may proceed as in Sec. III C above to construct invari-
ant combinations of Lagrangian interactions of the form
(4.1), order by order in 1/M.

As an explicit example, let us focus presently on the
phenomenologically important one-heavy particle sector
of a spin-1/2 theory. To enable the 1/M expansion and
convert to nonrelativistic normalization, we introduce the
field redefinition as in (3.15) and (3.16),

¢, (x) = e ™MV N(v, iD) ¢, (x),

M? 1 4.7)
Y U
M” + D}
The boost transformation (4.5) becomes
Wy — ei""‘W%(fB, iD + Mv)y', (4.8)
where
W(B,iD + Mv) = N(v + q/M, iD — q)~!
X W(B,iD + Mv)N(v, iD). 4.9)

The 1/M expansion of this transformation is the extension
to arbitrary v, for spin-1/2, of the previous (3.17):
- -
2M? 4M* aM

iq- anh
gl — equ{] + 5 Tapq® D'}

D2
X 1——i]+(9,1M5}'. 4.10
[1- 5]+ ol (4.10)
Similarly, we find the extension to arbitrary v of the trans-
formations (3.18)

1
*D—v-D+—q-D
v v Mq 1>

1 “4.11)
DY — DY — —g*(v - D).
L L Mq (v )

Using these transformations one can build an invariant
Lagrangian, which (in the Abelian case) is equivalent to
the extension of the Lagrangian (3.19) to arbitrary v with
the same constraints (3.22) and (3.24).
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B. Reparametrization invariance

We can reformulate the transformation law for general-
ized boosts by using the identities,

v = B'“,,(Bfl)”pvp = B* w?,

¥4 = By(B,y")B; . 4.12)
2

In place of (4.5) and (4.6) the transformation of any opera-

tor of the form (4.1) is identical to the transformation

obtained by the substitutions

v—ow=v+gq/M,

(4.13)
¢, — ¢, =B 'W(B,iD,)d,,

with no transformation of the coordinate and gauge field.
The rules (4.13), with suitable choice for W, may be
identified with the rules obtained by enforcing reparamet-
rization invariance [11]. However, we emphasize that from
the present perspective, we are not changing the reference
vector v, but simply noticing the equivalence of (4.5) and
(4.6) on the one hand, and (4.13) on the other hand, when
acting on operators of the form (4.1).

C. Invariant operator method

It is not obvious that a nonzero Lagrangian, invariant
under (4.5) and (4.6) to arbitrary order, will exist. For
example, in (3.20) invariance relies on the possibility to
enforce 6 L, = 0 by modifying the boost generator as in
(3.23) and enforcing relations as in (3.22) and (3.24). It is
not evident that this procedure can be extended to arbitrary
order. We present here a method of constructing operators
that are manifestly invariant under a particular choice of
boost generator, to arbitrary order in 1/M. The details of
the construction are given in Appendix B.

The embedding of the little group into constrained rep-
resentations of the full Lorentz group (cf. Appendix A)
provides a framework for constructing explicitly invariant
operators. Suppose that we find an operator I'(v, iD)
such that

[(A v, iD)A"'W(A, iD) = I'(v, iD), (4.14)
when acting on fields ¢, obeying the appropriate
constraints, as given in Appendix A (e.g., ¥, = ¢,
for spin-1/2). It follows from the rules (4.13) that the
combination

o, =I'(v,iD)¢, (4.15)

is invariant under the reparametrization implementation
(4.13) of generalized boosts. Provided that invariance
under generalized rotations (4.2), (4.3), and (4.4) is
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maintained, we may build operators that are explicitly
invariant. For example, in the spin-1/2 case
v, ipv, v,v, V,ioct[D, DIV, (4.16)

are invariant. Note that because of Eq. (3.4) the only
constraints on I'(v, iD) from Eq. (4.14) come from boosts
A =B

Applying field redefinitions as in (4.7), the condition
(4.14) for I" becomes

(v + g/M,iD — q)B 'W(B, iD + Mv) = I'(v, iD).
4.17)

We will refer to (4.17) as the invariance equation. Provided
that such a I'(v, iD) can be found, the field

®/(x) =TI'(v, iD) ¢’ (x), (4.18)

obeys a simple transformation law under the reparametri-
zation implementation of generalized boosts (4.13),

P — O, = 4P, (4.19)
Noting that e 4 *(iD* + Mw*)e'?* = iD* + Mv*, in-
variant operators may thus be built from contractions of
polynomials of y#* and v* + iD* /M, between @/, and ®.,.
For example in the spin-1/2 case,

VLip + MAHY, WLV,

. (4.20)
V,ic**[D,, D,]¥,,

are invariant.

D. Solution for I'(v, iD)

The key element of the invariant operator construction
is a solution of the invariance equation (4.17). Without
loss of generality, let us set N(v, iD) = 1; the solution
for general N can then be obtained by I'(v,iD)—
['(v, iD)N(v, iD)~!. The method presented can be easily
extended to arbitrary spin, but for illustration we focus on
the one-heavy particle sector of a spin-1/2 theory.

In order to obtain a solution in closed form for the free
theory, and to make contact with previous work, it is
convenient to take the free theory limit for W% (B,io +

M) of the form [11]
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Wi(B, i9 + Mv) = BiAy Ve v+ ¢/M) ' Ay Vi, v)

iv-od

1 v
=l+mo"i qﬂé,,l:l—

+#((iv-a)2 —%(ial)Z)]
+ O(1/M),

where A%(u, v) was defined in (3.3), Vi = v* + id*/M
and ﬁ/ﬁee =

VE /| Vieel. We have also used that gy, =
,,. Inspection of (4.17) shows that an all-orders solution
can be written for I" in the noninteracting theory,

F(U, la) = A%(ﬁ/free’ U)

4.21)

id, 1 1. 1. .
- 1 +w+W|:—§(16l)2—§Lﬁllv'6]
1

T
+ (v 3)2)] + 00 /M).

1 ] 3
[Z(ial)ziv ¥ +_”il (—g(ial)z
(4.22)

In the interacting theory it turns out that one cannot simply
replace 9 by D in (4.22) to obtain a solution for I'(v, iD).
It is instead necessary to add specific field strength-
dependent terms, first to W [as in (4.23) and (B2a) below]
in order to satisfy consistency conditions, and then to I in
order to solve the invariance equation (4.17). The compu-
tations of Appendix B show that a solution for I'(v, iD)
will exist if we specify

) 1 iv-D
W%(B, iD+ Mv)=1+ WO’[{;,,q“Di(l - 7)

+ O(1/M*), (4.23)

with (4.23) reducing to (4.21) at g = 0. Let us proceed
through O(1/M?3), writing

1 1 1
F=1+—TW+_TO+__TO 4+ . (4.24)
M M M

and deriving a solution to the invariance equation (4.17)
order by order in 1/M. In Appendix B we present a
systematic construction that extends the solution to arbi-
trary order.

Modulo terms that vanish when acting on ¢, with
Yy, = i, we find

i
o = E,'pl, (4.25a)
1 1
re = — g(iDL)2 - EiMLiv D+ gAo*"G,, + gBy*v'G,,, (4.25b)
1 : 3
IO = (D, Piv- D+ —’lpzi [— DL+ (v D)Z] ~ %GWu#Di - Tg6 o"'G,,iB,, (4.25¢)

094020-7



HEINONEN, HILL, AND SOLON

where we define [iD,, iD,] = igG,,. Starting at order
1/M? the solution is not unique. However, since we will
consider arbitrary factors of V# = v* + iD*/M when
constructing invariant operators, we can set A =B = ()
by considering instead of T, the operator [/ given by

I'(v,iD) = (1 — iAo, [ V*, V"]—iBy, V,[V* V"]
+ .. )I"(v,iD). (4.26)

Similarly, we have absorbed additional 1/M? terms in
(4.25¢). The remaining terms in (4.25) have free derivatives
D, acting to the right, and cannot be removed as in (4.26).

A complete basis of bilinears required through order
1/M? is

- at’G
=V IM(V —1)—arg—+~
L=vfuv -1 -ae”
L {(VuMV, G}
1in8 16M?

MYV MV, oG ,,]] G,,G"

~ s 16M? - +af“g2{L6T
V,G*G 5 VF

+ a,, 8> 16MI3L }‘va 4.27)

Performing field redefinitions to arrive at canonical form,
we recover the result (3.19) with constraints (3.22) and
(3.24). The computation at O(1/M?*) is presented in
Ref. [24]. We may perform a similar computation for
heavy vector particles (or particles of arbitrary spin),
and/or enforce constraints appropriate to self-conjugate
fields (cf. Appendix A).

The passage from (4.22) to (4.25) is not as simple as
previously envisaged [11,14], and careful attention must
be paid to the interplay of Lorentz and gauge symmetry.
The computations in Appendix B show that an arbitrary
covariantization of (4.21) does not solve the invariance
equation (4.17). The covariant little group element
W(B, iD + Mv) must satisfy consistency conditions for a
solution to exist, and specific field strength-dependent
terms, such as those appearing in (4.25c), are necessary
in order that I'(v, iD) satisfy the resulting invariance
Eq. (4.17). These considerations have previously been
overlooked [11,14]. For example, a naive covariantization
of Eq. (4.22),

. [ 1 1 1
[naive(y, iD) =1 +%+W|:_§(il)i)2 _Eiﬂliv-D]
171, . ip,( 3,.
+W[Z(1DL)21U'D"‘T(_g(ll)i)z

T (iv -D)Z)] +O0/MY) (4.28)
is not a solution to the invariance equation.

The necessity for such additional field strength-
dependent terms can also be seen from the fact that the
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right-hand side of (4.28) would imply a transforma-
tion i, — i, = IM8Ve(w, iD) e/ *MaVe(y, D), that
takes ¢, outside of the assumed representation space, with
Y, = . In the heavy fermion Lagrangian, the effects
of these field strength-dependent terms appear first’ at
order O(1/M*), where omission of the final term in
(4.25¢) would lead to incorrect 1/M* Lagrangian coeffi-
cient relations [24].

Before closing this section, let us summarize the value of
the invariant operator method. Appendix B shows that we
can find a suitable covariantization of W(‘B, id + Mwv) that
allows solution of the invariance equation for I'(v, iD) to
any order in 1/M. Hence this method proves the existence
of a covariantized boost operator and a nonzero, Lorentz
invariant Lagrangian to arbitrary order. We may proceed in
either of two ways to construct invariant Lagrangians.
Firstly, we may proceed as in (4.27), where we construct
manifestly invariant interactions through some fixed order
in 1/M; to achieve canonical form we must then perform
field redefinitions. Alternatively, we may proceed as in
(3.19) (or its generalization to arbitrary v), armed with
the knowledge that a suitable boost generator as in (3.23)
can be reconstructed order by order.

V. EFFECTIVE FIELD THEORIES FOR
MASSLESS PARTICLES

Although our primary focus has been on the constraints
imposed by Lorentz invariance in heavy particle effective
field theories, it is interesting to consider the applications
of other Lorentz representations. Recall that for physical
states, representations of the Lorentz group fall into dis-
tinct classes, depending on the nature of p® and p?. For
example, in our heavy particle applications we considered
the little group for p° > 0 and p?> = M? > 0.

Consider now the case p® > 0 and p? = 0. This applies
to the collinear sector of soft-collinear effective theory
[25-29]. The little group in this case is isomorphic to
E(2), the Euclidean group of rotations and translations
in two dimensions. In analogy to the construction in
Sec. IIT A, let us consider the little group defined by the
invariant vector En, where n?2 = 0 and E is a reference
energy. In order to define the induced representation, let us
also introduce a timelike unit vector v with v> = 1.® Given
n and v we may define an additional lightlike vector,

n-*v n-*v

"When building invariant fermion bilinears, the leading terms
involve iv-D multiplying 1/M corrections appearing in
I'(v, iD). Since such terms are eliminated in going to canonical
form, nontrivial effects of the 1/M?3 corrections to I'(v, iD)
appear first at order 1/M*.

In applications to heavy quark processes the vector v is naturally
identified with the reference vector for the heavy quark field.

Nl

5.1
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satisfying 7> = 0 and n - 7 = 2. In this section (only) we
define perpendicular components p ;| with respect to n and
ii. We also define vectors p, and p_ along the n and 7
directions, respectively,

n-p_

,7[.
E—pn“—i-Tn“—i-pLEpﬁﬁ-i-p’_‘ + pll.

2

With this notation let us define a standard Lorentz trans-
formation taking En to p as

L(p) = Ls(p)L3(p),

where Lg is a boost that takes En* to p and Lz is a
parabolic Lorentz transformation taking p“ to p*. They
are given by

p* (5.2)

5.3)

1 7
LB(P)#V = g'uv + _<n P 1)’1#’7’1/

2\ 2F
1/ 2E
—i——(_ — l)ﬁ“n,,, (5.4a)
2\ii-p
1
LS(P)’MV =gt, + - (pliﬁv - ﬁﬂply)
n-p
2
__ Pl oz 5.4b
2 pr 640

The choice (5.3) for L(p) is convenient due to the resulting
simplicity of W(A, p). The space of physical states gen-
erated by U[L(p)]|En*, o) is sufficient to describe parti-
cles of a given helicity with nonvanishing 7 - p.

It is straightforward to compute the little group element
corresponding to arbitrary Lorentz transformations accord-
ing to (3.1). The six independent Lorentz transformations
can be grouped into four classes. First, there is the one-
parameter group of rotations R that keep n and 7 fixed.
Second, there is the two-parameter group of parabolic
Lorentz transformations S that keep n fixed but change
7. These two classes form the little group of n. Third, there
is the one-parameter group of boosts B in the n direction
that change n and 7. Fourth, there is the two-parameter
group of parabolic transformations S that keep 7 fixed but
change n. In infinitesimal form these transformations are
given by

RO, = gh, + Ok, ,nPi” + O(6?)

[n—n0— i) (5.5a)
Sla, = g, + TSI L o)

[n—ni—i+al (5.5b)
B(n*, =g, + nw + O(n?)

[n— 1+ nnia— (1 - il (5.5¢)
8B, = gr, + PP 1 o)

[n—n+ B a— il (5.5d)
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where a* = o/ and B* = B'/. Note that physical states
must transform trivially under S to avoid continuous in-
ternal degrees of freedom and that little group elements can
be parametrized as (e.g., see Ref. [20])

W(A, p) = Sla(A, p)IR[6(A, p)]

We find that the mapping (3.1) with L(p) chosen as in
Eq. (5.3) takes the little group rotation R (6) into itself. Of
the remaining three cases only the little group elements
S(a) have a nontrivial mapping

(5.6)

6[R(0). pl=06,  a[R(6), p]* =0, (5.7a)
é[S(a), p] = - 2(%}7) lepo.a:““pinﬂflo,
alS(a), p]* = i ak, (5.7b)
n-p
6[B(n), p1=0,  a[B(n), p* =0, (5.7¢)
6[S(B). p1=0,  alS(B). p* = 0. (5.7d)

The result (5.6) with little group parameters (5.7) defines
the transformation law for particle states. As in the timelike
case, we postulate the field transformation law,

d)u(x) - D[W(A) iD#)]ab¢h(A7]x)’

where now D(W) refers to a representation of the E(2) little
group.
We focus on the representation appropriate to a massless
spin-1/2 particle,
D[S(@)R()] = explif/2],
and embed this representation into a Dirac spinor repre-

sentation i, of the Lorentz group. A trivial action of S on
this field is equivalent to the constraint

Hip, = 0.

The transformation law,

(5.8)

(5.9

(5.10)

W, (x) — (1 + 4£a)(A, iD)WoW)z/fn(A—lx), (5.11)

with (A, iD) obtained from (5.7) and ¢, satisfying
(5.10), reduces to (5.9).

Similar to the timelike case, we may investigate general
conditions under which (5.11) leads to a Lorentz invariant
theory. We note that for terms in the fermion Lagrangian of
the form

lz/n{"'n”---fl“'"D”"')’“"'}l//n,

we may recast invariance under (5.11) as a collection of
reparametrization transformations acting on n and 7
(cf. Sec. IV B). In particular, invariance under rotations
R () is ensured by writing a naively covariant Lagrangian
in terms of the constrained field ,, as in (5.12).
Transformations S(8), S(a) and B(n) translate to the
type-1, type-II and type-III transformations considered in

(5.12)
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Ref. [30]. A more detailed discussion of the lightlike case,
involving a rigorous discussion of Lorentz invariance, and
the inclusion of multiple momentum modes and multiple
gauge symmetries, is beyond the scope of the present paper
and is left to future work.

VI. SUMMARY

The usual procedure of implementing Lorentz invari-
ance via finite dimensional representations of the Lorentz
group is insufficient for application to heavy particle ef-
fective theories. We have adapted the formalism of induced
representations for application to heavy particle field trans-
formation laws. Returning to the questions posed in the
Introduction, we see that the parameter v enters as an
arbitrary reference vector in the effective theory construc-
tion. Rules identifiable with reparametrization invariance
(4.13) are obtained by a rewriting of the transformation law
for generalized boosts, and the class of reparametrization
transformations consistent with Lorentz and gauge invari-
ance is identified through a systematic solution of the
invariance equation (4.17). While an explicit construction
such as in (1.1) must map into this framework, it is not
necessary to refer to a specific underlying ultraviolet com-
pletion, or to explicitly integrate out degrees of freedom
when deriving these transformation laws.

Let us compare our formalism to previous work. A naive
ansatz for implementing Lorentz invariance via reparamet-
rization invariance breaks down for I'(v, iD) starting at
order 1/M?3, corresponding to new effects at order 1/M*
in the canonical Lagrangian. The transformation law de-
fined by W(A,iD) is corrected at order 1/M*. These
subtleties were not treated in the classic work of Luke
and Manohar [11,14], and the ansatz proposed there would
lead to inconsistencies at the orders in 1/M specified
above. Brambilla et al. [17,18], who studied Lorentz in-
variance constraints in nonrelativistic QCD, recognized
that Wilson coefficient-dependent corrections to W(A)
must be included when deriving an invariant Lagrangian
in canonical form. In Refs. [17,18] the constraints of
Lorentz invariance are derived (through order 1/M? in
the one-heavy particle sector) at the level of canonically
quantized charges, a procedure that becomes increasingly
cumbersome at high orders in the 1/M expansion. In
Sec. IIT we have used general properties of commutators
of the S matrix with conserved charges to derive con-
straints at the Lagrangian level that implement Lorentz
invariance for heavy particle effective theories in canonical
form. In Sec. IV we have derived consistent reparametri-
zation transformations that allow a solution to the invari-
ance equation (4.17), and hence the construction of
manifestly invariant Lagrangians to arbitrary order.

We demonstrated the application of our formalism in the
case of NRQED (i.e., the parity and time-reversal symmet-
ric theory of a heavy spin-1/2 particle coupled to an
Abelian gauge field). At a practical level, the main results
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for building heavy fermion Lagrangians are contained in
(3.23), or for the invariant operator method, in (4.24) and
(4.25). The NRQED Lagrangian is computed at O(1/M*)
in Ref. [24].

We note that a choice must be made between a canonical
form of the Lagrangian with a somewhat complicated
boost generator versus a simpler form of the boost genera-
tor with a noncanonical Lagrangian. In practical computa-
tions, it is typically easier to choose the former approach.
We remark that a regularization scheme that breaks
Lorentz symmetry must be accompanied by counterterms
that reinstate the symmetry.” Renormalization of the
Lagrangian in canonical form should be defined in such a
way that noncanonical terms are not generated.

The heavy particle limit considered here assumes
a single large mass scale. Interesting complications can
arise when this is not the case, e.g., in the phenomenology
of heavy baryons in low-energy processes involving
pions, A excitations and electroweak gauge interactions.
Numerically large coefficients appearing in the m,/my
expansion limit the usefulness of the heavy particle expan-
sion unless certain formally suppressed terms are re-
summed, introducing nontrivial power counting and
renormalization issues [31-36]. While it may be possible
to embed a given heavy particle theory into a larger struc-
ture, this does not lessen the importance of understanding
Lorentz invariance in the low-energy limit."°

The formalism presented here can be applied to straight-
forwardly construct heavy particle Lagrangians of arbitrary
spin. It can also be easily extended to include multiple
heavy particle fields, and other relativistic degrees of free-
dom beyond the Abelian gauge fields considered here. As
described in Sec. V the extension to effective field theories
for massless particles involves induced representations for
the little group isomorphic to E(2), the Euclidean trans-
formations in two dimensions. A rigorous analysis along
these lines may help clarify several outstanding issues in
soft-collinear effective theory, ranging from the appearance
of new momentum modes, to the interplay of ultraviolet
regulators and factorization [37-39]. It may be interesting
to investigate the application of the little group correspond-
ing to a spacelike reference vector, s> = —1 (cf. our v*> = 1
and n? = 0 cases), and to explore embeddings into non-
linear realizations with fictitious Goldstone fields [40].
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APPENDIX A: EXTENSION TO ARBITRARY SPIN
AND SELF-CONJUGATE FIELDS

Although the explicit results in this paper are focused on
spin-1/2 fields transforming under an Abelian (i.e., com-
plex) gauge group, the formalism extends straightfor-
wardly to fields of arbitrary spin or to self-conjugate
fields. In Sec. A 1 we describe the formalism for embed-
ding arbitrary spin representations within products of Dirac
spinor and Lorentz vector representations of the Lorentz
group. For a related discussion see e.g., Ref. [41].
Section A 2 describes the constraints imposed on the
effective theory deriving from self-conjugate fields. For a
related discussion see e.g., Ref. [8].

1. Higher spin representations

Irreducible higher spin representations can be built using
products of the Dirac spinor and vector representations

U= A, (A1)

where A = D(W) is a little group element as in Sec. IIT A,
i.e., Av = v. The corresponding generators for these two
representations are given by

Zg — A ,7b,

1 i
af _ ~ af — ‘[Na B
| o 4[7,7],

(TP, = (g% 8%, — 8P ,8%)).

We enforce a maximal set of constraints to isolate the
appropriate irreducible representation.

Integer spin: For integer spin s = n, consider the totally
symmetric and traceless tensor Z4'~*, which has (n + 1)?
degrees of freedom. Imposing

My Mp
v#]ZU =0,

(A2)

(A3)

yields n? additional constraints, leaving us with 2n + 1 =
2s + 1 degrees of freedom as desired. Under Lorentz trans-
formations this field transforms as

ZE— N AR, Z0 (A4)

Vn

Using ATgA =g and Av = v, it is easy to see that
symmetry, tracelessness and the constraint (A3) are pre-
served by this transformation.

Half-integer spin: For half-integer spin s = n + 1/2,
consider the spinor tensor 4 "**#* which is totally
symmetric in the indices w;...u, and therefore has
2(n + 1)(n + 2)(n + 3)/3 degrees of freedom. We impose
the constraints''

""Note that the second constraint implies g, %5""*"*" =0
and, furthermore, is equivalent to imposing v, 4" *" = 0 and
Evaﬁy,lvya-aﬁ l/lzlflmﬂn = (.
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ﬁtpff""”” — lpgl"-l’“n’ ,y’u] lpgl--#n = (. (AS)

The second constraint yields n(n + 1)(n + 5)/3 equations,
while the first projects a four-component spinor onto a
two-dimensional subspace, reducing the degrees of
freedom by 1/2. In total 2(n + 1) =2s + 1 degrees
of freedom remain. Under Lorentz transformations this
field transforms as

wllfl...,u«n — AM]VI . AM"VnA%l//Z]"'V”, (A6)
This is symmetric in gwq...w,. That Egs. (AS) are
preserved follows immediately from Awv = v and
Afly”A% = A*,y".

2

2. Self-conjugate fields

The self-conjugacy of SU(2) implies that for any
field ¢(x) transforming as in (2.3) or (3.8) with the plus
sign, the field

¢ (x) = S¢p*(x), (A7)
transforms as in (2.3) or (3.8) with the minus sign. Here S
is the (2s + 1) X (2s + 1) similarity transformation for
the spin-s representation of SU(2), such that (—X/)* =
§3iS~!. In covariant language, this translates to the simul-
taneous transformations

vt — —uH,

b, (x) = ¢35 (x), (A8)
In terms of the irreducible representations constructed in
Sec. A 1, the field transformation in (A8) reads'?

lelj’l"'lu’,& — (ch),u.llu,‘ — (Zﬁvln-,u,;)*’

lpglwlu“s N ((//2)#1---#«; - C(lpgl“-ﬂ'x)*, (A9)
for integer spin and half-integer spin fields, respectively.
The charge conjugation matrix C acts on the spinor index of
,. It is symmetric and unitary, and obeys CTy*C =
—yH*. The parity (A8) arises if the effective theory is
describing a full theory of a self-conjugate field (neces-
sarily transforming in a real representation of a gauge
group). For example, the effective theory field for a real
scalar ¢ = ¢ can be obtained via

o(x) = =M, (1)/NM = M3 ()N = ().
(A10)
Similarly, the effective theory for a Majorana fermion
represented by a Dirac spinor ), = 4, can be obtained

via

12We here choose a basis such that § = 1 for vectors.
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u = V2e M (h, + H,)
= V2eMU(hG + HY)
= Vi

where ph, = h, and yH, = —H,,.

It follows from (AS8) that the allowed operators
¢,0(v) ¢, in the Lagrangian representing a self-conjugate
field can be chosen such that

0 (v) = CO(—v)*Ct.

(Al1)

(A12)

Since we are often interested in constructing the
Lagrangian in canonical form, i.e., without higher iv - D
derivatives acting on ¢,, it is important to ask whether this
condition is preserved by the requisite field redefinitions.
By a similar reasoning to above, operators of the form
¢, [iv- DX(v) + XT(v)iv - D¢, appearing in the
Lagrangian must be such that X(v) = CX(—v)*CT.
Hence field redefinitions of the form ¢, —[1—X(v)]¢,
achieve canonical form of the Lagrangian while preserv-
ing (A12).

APPENDIX B: SOLUTION TO THE
INVARIANCE EQUATION

Section IV D describes the solution of the invariance
equation (4.17) for the function I'(v, iD) in the free theory.
The solution in the interacting theory is not simply ob-
tained from the free one by replacing d with D. Here we
present a method of solution that is valid to any order in
1/M. Since we use I'(v,iD) to construct the invariant
Lagrangian, the existence of a solution for I'(v, iD) proves
that a nonzero Lagrangian exists at any order in 1/M. First,
we will construct the general solution in Sec. B 1 and then
explicitly apply this construction to the spin-1/2 theory up
to order 1/M? in Sec. B 2.

1. Series solution for I'

Recall Eq. (4.17) for I" required to build explicitly
invariant operators,

T(v+ g/M,iD — q)B 'W(B, iD + Mv) = I'(v, iD),

(BI)

where to first order in ¢ we have B~'v = v + g/M. Let us
expand in orders of 1/M and define

X=B"'W=1+q¢"X,

1 1
=1+q'“|: x§}>+—x<z) ] (B2a)
1
r=1+—r<1>+—2r<2>+.... (B2b)
M M

We note that the variation in I arises from the variations in
v and in iD,
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S =T(v+q/M,iD — q) — I'(v, iD)

d 1 9
S
JdiD* M ov*
Equating orders in 1/M, we find
9 = 9 peen 4 pe-nxD)
diD* Jvk *
+T0-2xR +  +TOX = v, (B4

where we define I'© = 1. Note that Eq. (B4) is understood
to be contracted with g* so that pieces proportional to v*
should be dropped. We can solve this equation for '™
obtaining

n _1\ym—1
'™ = Z ( ) D.‘J’:ll'D/J‘:Z _iD"n

= L 9iDm
o 0 o
AiDH2 " giDHn— T Hn
. w1 n
= Dty — 5 iD" D", i YW+, (B

provided that at each order, the Y derived from the
already determined I'V, ..., "~ satisfy'?

Iy _
aiply ~ ~

where Al#B*] = (A*B” — A”B*)/2 denotes antisymmet-
rization. Using the definition of Y we can show that this
imposes constraints on X ™ forn =2,

0, (B6)

O ) _ 0 1) y=Dyll) | =25
X = X0+ xnUx) XY x G

[V]

For Eq. (B7) to have a solution, a consistency condition on
ZE’[,, requires that'*

d

0= UU_G,U«VP(TWZ%I)/'

We can show by induction that Eq. (B7) can be solved at
each order. Since X'V is dimensionless, it cannot depend on
iD; hence Z® from (B7) is also independent of iD and
solves (B8). Now assume that we have constructed solu-
tions X to Eq. (B7) for n =1,..., N — 1 [necessarily
obeying the constraint (B8)]. Application of the Jacobi
identity shows that the constraint (B8) is then obeyed for
n = N and a solution to Eq. (B7) can be found for n = N.
Let us find a solution to Eq. (B7) that reduces to a given
Xpree for the noninteracting theory [e.g., Xpee = B™'W

(B8)

This is the, analog of V X E =0 for the existence of a
solutlon ¢ of V(;’) E in electrostatics.
"“This is the analog of V - B = 0 for the existence of a solution
Aof VXA=RBin magnetostatics.
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from (4.21)]. First, note that the existence of the free case
solution given in (4.22) implies that the X defined in the
free case from (4.21) must obey the constraint (B7). Let us
define naively covariantized quantities X ) = Xf»r"gela_, D>
with a definite ordering prescription, e.g., as in (4.28),

and define Z" by

(B9)

A straightforward calculation then shows that (B7) is
solved by'’

oy

(n) J— A(ﬂ) o vy : Ym
X =Xm4+2y ~ ~ _ip".--iD
a ’ mz=:1 (m+1) 4 =
a 6 (n) A
X VAR ALISY B10
9iD" aiDVm—l( mkt uis) (B10)

In the free case we have Z = Z™ and X reduces to the
free case solution. Having found a suitable X satisfying
(B7) we may then proceed to build '™ satisfying (B4), and
hence I satisfying (4.17).

Note that Z" has mass dimension n — 2 so that n = 4 is
the first order at which field strength-dependent terms can
cause Z" # Z. Correspondingly, our choice (B10) en-
sures that field strength-dependent corrections to X —
X" can first appear at order n = 4. This can be explicitly
seen in the solution for the spin-1/2 theory in the next
section.

2. Explicit solution for T in the spin-1/2 theory

To illustrate, let us calculate I for the spin-1/2 theory.
Consider the free solution (4.21),

iv-o 1
M M?

. 1
X, (v,i0) = — 1

om e

1 1 v
+WU’MV6 [1_

1
X((iv‘a)z—z(iaL)z)—lr...], B11)
and the arbitrary covariantization,
S . 1 1 1 1 v iU * D 1
X#(U,ZD):m’)/M"‘mO'#VD [1_ M +W
1
X((iv-D)Q—Z(iDlV)—F...]. (B12)

A corresponding solution for I' in the free theory is dis-
played in (4.22). Now let us follow the construction of the
previous section order by order.

By may be verified from (B7) and (B10) that the resulting field
transformation law maintains the constraints on heavy particle
fields discussed in Appendix A.

PHYSICAL REVIEW D 86, 094020 (2012)
Order 1/M: First, we determine
Yiu
5
This function clearly satisfies Eq. (B6) so that we may
solve for

yh — x( — g0 — (B13)

r® = %uz)l. (B14)

Order 1/M?: Continuing to the next order, we evaluate

5 .
2= -tot, =2, (B15a)
1 A
2 v —
X = oD = X2, (B15b)
1 . 1.
Yﬁ) - E'yﬁw D — ZZD,& (B15¢)
Solving for I'® yields
1 1
ro = _g(l’Dl)Z—zmliu-D. (B16)
Order 1/M?: At the next order, we find
i . 5
Zif?, = Zo-t,,w -D = Zﬁfl, (B17a)
¥ = _L 1 p— %0 (B17b)
A 1 TimD"iv e

1 3
Y =3 viliv- DY + giDuiv- D

1 1 1
. N o . 1
+ glv DiDy, ElﬂlZDlL R(lDJ_)ZYM

1.
+giLokD" (B17c)
After some manipulations, the resulting I'® is
1 j 3
I'® =_(iD))%v-D+ ”ﬂ[——im(ml)2
4 2 8
+ (iv - D)Z] — 8 yaG ,DP — 5 ol GeBip,
A
+ | iy 09D, G4l — vo[D¥, G,,]
8 171 w I Ba 1 Yau
- [DY, G101 ] (B18)

Order 1/M*: Continuing to higher order we find
N g . -
Z =20 + 25"+ 74, G

1. 1.
X = of, 0| 40 DY (D) ]

03,G%), (Bl9a)

+ %iDi(—iGjV +0t,GL7 — oL,GE7). (B19b)

Note that Xﬁf) differs from the trial solution )?ﬁf). We may
continue in this manner to construct Yff) and T'®.
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