Chapter 2
Heavy-Particle Spacetime Symmetries
and Building Blocks

What is heavy particle effective theory? Imagine a charged particle ¢ with mass M
in its rest frame, interacting with other particles of energy A < M through exchange
of photons. The momentum transfer in such collisions are of order A, allowing the
heavy particle to be off-shell by only that amount. Hence, to a good approximation,
the heavy particle remains at rest and appears to the light degrees of freedom as a
static source of charge. In this situation, we may expand the momentum of ¢ about
its large component as

pt =Mo" + k| 2.1

where v* is the velocity of ¢ (e.g., v* = (1,0,0,0) in the rest frame), and the
residual momentum &* is O(A) and accounts for the dynamics of ¢ off-shell. Hence,
the “hard” energy scale M (equivalently, the momentum scale Mv*) is irrelevant
to the system, and we may integrate it out by passing from a fully relativistic
description of ¢ to a heavy particle description where only the “soft” momentum
mode, k*, remains.

At leading-order in 1/M, the theory describing ¢ is

L = ¢yiv-Dpy+ ..., (2.2)

where D* is the covariant derivative including the gauge interaction. The heavy
particle field ¢,, derived from the full relativistic field ¢, is labelled by its velocity
v (and has mass dimension 3/2). The ellipsis in Eq.(2.2) denotes interactions
higher order in the heavy mass expansion, which may be systematically included
to meet the demands of precision, depending on the size of A/M. For example, ¢’s
interactions with photons, through O(1/M), are given by

. D? o, Fr i 1
£—¢U{zv-D+cl2]‘J/}+cF #:L/M + ¢ IZM + ... 200, 2.3)
© Springer International Publishing Switzerland 2016 13

M.P. Solon, Heavy WIMP Effective Theory, Springer Theses,
DOI 10.1007/978-3-319-25199-8_2



14 2 Heavy-Particle Spacetime Symmetries and Building Blocks

where TH" = Tage”‘ﬁ‘“’ and @'/ = a* — v*v - a. The higher-order kinetic, magnetic
dipole and electric dipole terms are parameterized by Wilson coefficients c1, cr and
¢, respectively. From a low-energy perspective, these higher-dimension operators
represent new physics, albeit not new particles but new interactions. The higher
dimension operators depend on additional microscopic properties of the particle ¢
such as its spin, its mass and its electromagnetic moments.

The purpose of such a framework, as with any useful effective theory, is for
controlled calculations of physical observables. Heavy particle effective theory
systematically captures the dominant interactions at each order in 1/M, and at
lower orders, in particular, the few operators appearing are remarkably simple.
These simplifications are tied to new symmetries arising in the heavy particle
limit, and allow for tractable analysis of otherwise complicated processes. Precise
calculations, including the resummation of large logarithms ~ log % are also
made possible by the separation of scales A and M through the effective theory.
Heavy particle methods find a wide range of applications in particle, nuclear and
atomic physics [21, 40, 70, 89].

So far we have sketched heavy particle effective theory as a framework for
describing a massive particle of energy M interacting with degrees of freedom
having much smaller energy A < M, by systematic expansion in A/M. To fully
answer “what is heavy particle effective theory?” we must precisely state how
such a theory is constructed. A closely related question is “what are the spacetime
symmetries of the Lagrangian in Eq. (2.3)?” From the intuitive picture of a heavy
particle in its rest frame, rotational invariance is manifest, but what about boost
invariance? With the appearance of the vector v* in the Lagrangian, it is unclear
how to implement Lorentz transformations.

When the underlying UV theory for the heavy particle is known, 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) time-like unit vector
v#, the decomposition of a quark field Q(x) of mass M,

Q(x) = e~ ™" [y (x) + Hy (x)] (2.4)

with ¢h, = h, and yH, = —H,, defines an effective heavy quark field &, (x), and
after integrating out the antiparticle field H,, (x), we arrive at the effective Lagrangian
for a heavy quark,

O(i) —M)Q — hyiv-Dh, + O(1/M). (2.5)

Invariance of observables under small changes of v, so-called “reparameteriza-
tion invariance”, enforces certain constraints on the coefficients of the effective
Lagrangian [84]. These constraints are consistent with the requirements of Lorentz
invariance, e.g. as imposed by matching effective theory § matrix elements to
Lorentz-invariant full theory S matrix elements. However, this construction raises
several questions. Is reparameterization invariance a sufficient condition for Lorentz
invariance? How do we derive a reparameterization transformation law without
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first constructing the underlying theory and explicitly integrating out degrees of
freedom? For applications involving a composite particle such as the proton, or
hypothetical new particles such as dark matter whose underlying theory is unknown,
we cannot in an obvious way introduce v as a parameter inside of a field redefinition.
What is the significance of v in such cases? What is the general method for
constructing a Lorentz invariant heavy particle effective field theory?

In this chapter we present the formalism of induced representations of the
Lorentz group, Wigner’s “little group” construction [103], 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
reparameterization invariance is stated precisely, and a class of allowable repa-
rameterization transformations is obtained. We find that a standard ansatz for
implementing reparameterization invariance breaks down starting at order 1/M*.
We explain this subtlety and its resolution. A large literature exists on topics
relating to reparameterization invariance, especially as applied to heavy quark
Lagrangians [16, 44, 75, 80, 83, 84, 86, 98]. We aim to present a conceptually
clear statement of the constraints imposed by Lorentz invariance on heavy particle
effective theories.

Recent investigations using heavy particle effective theory demand high orders in
the 1/M expansion (see e.g. [17, 58, 62]). 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. At a practical level, we derive the explicit field transformation laws
that can be consistently used to build Lorentz invariant Lagrangians, providing a
complete solution for Wilson coefficient constraints, to arbitrary order in 1/M.

While a top-down derivation of heavy particle effective theory, e.g., starting from
QCD to derive heavy quark effective theory (HQET) through the field redefinition
in (2.4), must map onto the framework presented here, our construction does not
rely on knowing the underlying ultraviolet completion, or on explicitly integrating
out degrees of freedom. A bottom-up construction is key for applications of heavy
particle effective theory to dark matter. Let us summarize the main points for general
construction of heavy particle effective theories:

1. A heavy-particle field A, is identified with a representation of the little group for
massive particles, determining its field transformation laws under rotations and
boosts. It carries a label v associated with the time-like unit vector v* that defines
the little group (cf. Sects. 2.2 and 2.3).

2. The little group for massive particles is isomorphic to SO(3), and therefore has
field representations carrying spin s = 0,1/2,1,.... A heavy particle field of
arbitrary spin may be represented in covariant notation using a Dirac spinor-
vector with appropriate constraints. For example, a spin-1/2 heavy-particle field
has 2(1/2) + 1 degrees of freedom and can be written as a Dirac spinor, A,,
obeying ¢h, = h, as a projection constraint (cf. Sect. 2.4).

3. For a self-conjugate heavy particle we impose an additional parity equivalent to
a modified CPT transformation (cf. Sect. 2.4).
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Having determined the building blocks and their transformation laws under sym-
metries, interactions with heavy-particle fields can be constructed in the usual
way: write down the most general set of gauge- and Lorentz-invariant operators in
terms of heavy fields &, , k., , . . ., the time-like unit vector v*, and other relativistic
degrees of freedom (e.g., gauge fields, SM matter fields) up to a given order in the
1/M power counting. For self-conjugate fields the additional parity is imposed.

This rest of this chapter is organized as follows. In Sect. 2.1 we briefly review the
construction of Lorentz invariant field theories based on finite dimensional repre-
sentations of the Lorentz group. In Sect. 2.2 we introduce the formalism of induced
representations and investigate the necessary conditions for a Lorentz invariant
S matrix. Section 2.3 establishes the connection between Lorentz invariance and
reparameterization invariance. A subtlety in the identification of allowable repa-
rameterization transformations is explained, and a correct solution to the invariance
equation (2.52) is found for applications to 1/M* heavy fermion Lagrangians.
Section 2.4 presents formalism for arbitrary-spin heavy particles and for heavy
particles derived from self-conjugate relativistic fields. In Sects. 2.5-2.8 we apply
the formalism for construction of the parity and time-reversal invariant effective
Lagrangian for a heavy fermion interacting with an Abelian gauge field, i.e.,
NRQED, through order 1/M*. The implementation of Lorentz invariance in the
effective theory becomes nontrivial at this order, and we obtain a complete solution
for Wilson coefficient constraints using both variational and invariant operator
methods (cf. Sect. 2.6). We also present results of one-photon matching which verify
the coefficient constraints (cf. Sect.2.7), and Lagrangians describing pure photon
and four-fermion interactions (cf. Sect. 2.8). We close the chapter with a discussion
in Sect. 2.9.

2.1 Finite Dimensional Representations of the Lorentz
Algebra

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

Ga(x) = M(AN)apdp(A™ %), (2.6)

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

d¢ =i(agh—a-p—0-j+n-k)o, (2.7)
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where 0 and 7 are infinitesimal rotation and boost parameters, and the generators of
the Poincaré group acting on fields are'

h=i0;, (2.8a)
p=—id, (2.8b)
j=rxp+3%, (2.8¢)
k=rh—1tp+i¥, (2.8d)

with X' the (2s + 1)-dimensional matrix generators of the spin-s representation
of rotations (e.g. for spin-1/2 Weyl fermions, ¥ = o /2 with o' the Pauli
matrices). Using (2.6) 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 translations H, space transla-
tions P!, rotations J¢, and boosts K':

[H,P]=0, (2.92)
[H,J]=0, (2.9b)
[PLP]=0, (2.9¢)
[, P = iepk | (2.9d)
71, 7] = ie* gk (2.9¢)
[J', K] = ie"* K" | (2.9
[H,K'] = —iP". (2.92)
[P, K| = —iHY (2.9h)
K, K] = —iel k. (2.91)

Having built a Lagrangian that is invariant under (2.7), we may construct the
corresponding conserved charges. Using (2.8), we find in canonical quantization
that these charges obey the commutation relations (2.9).

Lorentz invariance of the S matrix demands that the free-particle charges,
denoted by Hy, Py, Jo, Ko, commute with the scattering operator, S =
limy_, 00 Q(T)TQ(=T), where Q(T) = efTe~ 0T We assume that momentum

In this chapter we use bold letters for Euclidean three-vectors, e.g. & = (8") = (8;) =
(Ox, 0y, 0;).

2For a pedagogical discussion, see [102].
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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=Py, J=Jo, [H—HyPo=[H—HyJo]=0. (2.10)

Then [Po, S] = [Jo,S] = 0, and by the definition of S also [Hy,S] = 0. Finally, if
one can show (2.9¢) and that an asymptotic smoothness condition for AK = K — K|,
is obeyed, it follows that

(Ko, S] = lim [Ko, (T)'Q(=T)] (2.11)

= lim {— [T AKe™HoT1Q(T)TQ(-T)

T—o00

+QT)TQ(~T) [e—iHOTAKeiHOT]} =0,

completing the proof of the Lorentz invariance of the S-matrix. For later application,
we note that of the commutation relations involving K, it is only necessary to show
the relation (2.9g); relations (2.9f), (2.9h) and (2.91) are not required to complete the
proof.?

2.2 Effective Field Theory and the Little Group

The field transformation law (2.6), 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 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.

2.2.1 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 [103]. In terms of a fixed timelike reference vector v*

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 (4o00) [102].
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(we assume v? = 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) . (2.12)

We may define physical states to transform schematically as

lp,m) = U(A,p)|p,m) Z Dy w[W(A, p)]|Ap,m') , (2.13)

m'=—s

where p° = /M2 + p2, and D(W) is a spin-s representation 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 transformation 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
Aw,v) = exp[—ifT.sw*vP], with the Lorentz generators J,s defined in
Eq.(2.65) and the angle 6 chosen appropriately [84]. In the vector and spinor
representations we have, respectively

A0}y = g = Ty (9w + 00,
+ whv, —vtw, + oW (wHv, + v'w,) | (2.14a)
l1+v-w
1
As(w,v) = 14w (2.14b)
2 21+ 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, 2.15)

a property that greatly simplifies the construction of invariant Lagrangians, cf.
Sects. 2.2.3, 2.3.1 and 2.3.2 below. Other choices of L(p) do not share this property.
For example, suppose that we introduce a spacelike vector s# with s> = —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* 4+ /(v -p)2 — M?s", and R(p) a rotation taking MB(p)*,v" to p*. Such
an L'(p) provides a simple interpretation of U[L(p)]|Mv,m) in terms of helicity
eigenstates (note that the spacelike vector is required to define a direction for helicity
decomposition), but this consideration is secondary to the simplicity of (2.15) for
our present purposes.
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The remaining independent Lorentz generators represent “boosts” that shift v.
They can be chosen as B(q) = A(v — q/M,v) with (v — g/M)?> = 1. The
appearance of the 1/M factor in v — g/M will be explained in Sect.2.2.3 below.
For an infinitesimal momentum ¢, which obeys v - ¢ = O(g?), these boosts are
given by

Bla), =g, + ——— +0d), (2.162)
Bi(g)=1- 4 +0(¢%) . (2.16b)
2 2M
For the transformation (2.13), we find
1 _ i ; a B a B 2
(2.17)

where for any four-vector k we define k| =k — (v - k)vH.

2.2.2 Field Transformation Law and Lorentz Invariance

In place of (2.6) let us postulate the transformation law for free massive fields,
Ga(x) = DIW(A,i0)]apep(A™'x). (2.18)

For notational simplicity consider the special choice v = (1,0,0,0).
Equation (2.18) together with Eq.(2.17) corresponds to replacing the boost
generator (2.8d) by*

Xx 0

M+ M2 — 8%

The generators (2.8a)—(2.8c) together with (2.19) will satisfy the Poincaré algebra
when acting on fields satisfying

0,6 = VM2 — 8%. (2.20)

It follows that the conserved charges derived from a free field Lagrangian invariant
under (2.18) will satisfy (2.9).

k=rh—tp+i (2.19)

“For spin-1/2 particles, (2.19) may also be obtained by performing a Foldy-Wouthuysen transfor-
mation on Eq. (2.8d) [45].
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In contrast to (2.6), transformation (2.18) acts on the field coordinates, spoiling
gauge invariance. To include gauge interactions, we promote the partial derivatives
in (2.18) to covariant derivatives D, = 0, — igAft* = 8, — igA,,,

ba(x) — DIW(A,iD)]wdp(A1x), 2.21)

and correspondingly the infinitesimal generators become

h=id,, (2.222)

Py (2.22b)

j=rxp+3, (2.22¢)
S xD

k=rh—ip+i i ). (2.22d)

M+ /M2 — D? Ol

In the expansion of D/(M + \/M? — 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 non-interacting 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=3¢@D,+...)p. (2.23)

The existence of suitable field strength-dependent terms, ensuring a boost generator
k which yields a non-zero invariant Lagrangian, is implied by the all-orders
construction in Sect.2.3 and Appendix A. The explicit form of these corrections
is not required for the following argument.

Although the field-dependent generators (2.22) 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 Poincare algebra). To see this, we assume as before
the relations (2.10). Relation (2.9g) is satisfied if the explicit time dependence of
the conserved charge K satisfies 0K/Jt = —P, so that

d 0
0=—K=_—-K+iHK]=—-P+i[HK]. 2.24
K= 5K +ilH,K] +i[H, K] (2.24)
The fact that OK/9r = —P follows from the assumed form of the infinitesimal

generators (2.22). For the boost ¢ — (1 + in - k)¢, we find the conserved charge’

SThe first ellipsis in (2.25) includes possible contributions from a surface term in §£, which do not
affect the term with explicit # dependence in (2.25).



22 2 Heavy-Particle Spacetime Symmetries and Building Blocks

K:Zi/d3x§gk¢+...:z¢:i/d3x§ [~plop+...=—tP+....
¢
(2.25)

Here the important point is that the remaining terms have no explicit time depen-
dence, so that (2.24) follows.

Let us close this section with two comments. First, the choice v = (1,0,0,0)
is not essential to the argument. The 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 generators become more complicated,
the demonstration of Lorentz invariance is not essentially changed. Second, having
specified an ordering for covariant derivatives appearing 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 Sect. 2.3 and Appendix A.

2.2.3 1/M Expansion and Lagrangian Constraints

To enable the 1/M expansion we extract the rest mass by the field redefinition,
$(x) = e~ ™M¢! (x). (2.26)

In phenomenological applications it is also convenient to work with non-relativistic
field normalization

2 1
¢'(x) = (MQM_DQ) 9" (x). (2.27)

We enforce invariance under (2.22a), (2.22b) and (2.22¢) by ensuring translational
invariance (no explicit factors of x*) and rotational invariance. For the boost
transformation (2.22d) we use n = —q/M in (2.7) to preserve the power counting
D, = O(1/M) in (2.29). This explains the appearance of 1/M in (2.16). The
resulting 1/M expansion becomes®

ig-D iqg-DD* X xq-D 2
2M? + 4M4 2M?

¢// N e—iq~x {1+

[1+4l;42} +0(g, 1/M5)} P

(2.28)

SFor notational clarity we leave the coordinate change x — x’ = B~ lx implicit and suppress
primes on coordinates and derivatives in (2.28) and (2.29).
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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
(2.28), we have

1 1
Dy =D+ 14D, DD+ qDi. (2.29)

To illustrate the constraints, consider the canonical form of the Abelian gauged
heavy spin-1/2 fermion effective Lagrangian (i.e., NRQED) through O(1/M?3).
Identifying ¢” = 1 as a two-component spinor and setting g = —e we
obtain [77, 86]

D2 D* o-B [@-E] . o-(DxE—ExD)
TV TV TVERASH M2
{D? o - B} Dio - BD' o-DB-D+D-Bo-D
s Ty Tt 8M3
D', [d x B] B> - E* E?
{ 7[ X }} 2 2 +0(1/M4)}

TieweTgys - T T T e g

L= 1/)T {ZD,JrCQ

+ cwie

(2.30)

Here we have defined E' = (—i/e)[D;, D], €/*B* = (i/e)[D', D’]. Under (2.28), a
straightforward computation yields

oL = f(SACl -‘r 5£2 + (553 +. (2.31)
where using ¥ = o/2 in (2.28),
0Ly =T [(1 = c2)ig - D], (2.32a)
1
6Ly =Yt [—2(1 —c2){q-D,D,} + Z(l —2cr+ces)oxq-E|vY, (2.32b)
003 =01 | §enlDg I+ (cr—cnt2a)q [0 x B+ (ca-i) {q-D.D%)
(2.32¢)
+§CS{DH o xq ~E}+§ (c24+2cp—cs—2cw1+2cw2) {q - D, o - B}

ie
+ -

g (

ie
—|—g(—cF+cS—cp/p)q-a(D~B+B~D) P

—co+cp—cyp){o-D,q-B}
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From 6L and 6 L5, we find
=1, c¢cs=2cr—1. (2.33)

The variation § L3 is equivalent to zero upon a field strength-dependent modification
of the boost transformation (2.28),

P(x)— e 4 {1 + l;IMl; g ZAZQ b + SIICV??’ eq-E
+ S g o xE+O (1>}1/J(B_1x), (2.34)
M3 M*
and upon enforcing the constraints [58, 86]
ca=1, 2cy=cp—cr, cwa=cwi—1, cpp=cr—1. (2.35)

The computation of the complete Lagrangian at O(1/M*) is presented in Sect. 2.6.

2.3 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
invariant, 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 (2.34) to arbitrary order in 1/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 reparameteriza-
tion invariance is then demonstrated, and a general discussion of the invariant
operator method is presented. In particular, we derive the necessary invariance
equation (2.52) and present the solution to order 1 /M3. A systematic, all-orders
solution of the invariance equation is given in Appendix A.

2.3.1 Covariant Notation

The formalism of Sect. 2.4 allows us to straightforwardly extend the discussion to a
general reference vector v and to arbitrary spin. Consider a term in the Lagrangian
of the schematic form

(gv{...Uu...D#...,yu...}@” (2.36)
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where indices are contracted with g,,, and €,,,,. Invariance under generalized
rotations of such a term in the action follows using the field transformation (2.15),

bu(x) = R ('), (2.37)

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

O = O =REIV, AP RMAY(X). (2.38)

If the Lagrangian is already constructed such that all vector and spinor indices
are contracted in (2.36), we can easily see that the Lagrangian is invariant under
generalized rotations using the identities
vt =R, AP =R1 (REAY)RLE. (2.39)
2

1
According to (2.17), the infinitesimal boosts are implemented by

o (x) = W(B,iD)$y(x'), (2.40)

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

oM — o =BrO", AM'(x) — BMAY(X). (2.41)

We may proceed as in Sect.2.2.3 above to construct invariant combinations of
Lagrangian interactions of the form (2.36), 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 non-relativistic normalization, we introduce the field
redefinition as in (2.26) and (2.27),

2 1
Vo(x) = e~ MU (0 DY (x), N(v,iD) = (MZIZDO . (2.42)
The boost transformation (2.40) becomes
by, = €W (B,iD + Mu)i, (2.43)
where
W(B,iD + Mv) = N(v + q/M,iD — q)~*W (B, iD + Mv)N(v,iD) . (2.44)

The 1/M expansion of this transformation is the extension to arbitrary v, for spin-
1/2, of the previous (2.28):

ig-D, ig-D, D% 1 5 D% s\
M2 - AMA +MUanQDJ_ 1_m +O(gv 1/M ) "/"Lw
(2.45)

Pl — ei‘”{l—k
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Similarly, we find the extension to arbitrary v of the transformations (2.29)

! h TR 2.46

v~D%v~D+Mq-Dl, DL%DLqu (v- D). (2.46)

Using these transformations one can build an invariant Lagrangian, which (in the
Abelian case) is equivalent to the extension of the Lagrangian (2.30) to arbitrary v
with the same constraints (2.33) and (2.35).

2.3.2 Reparametrization Invariance

We can reformulate the transformation law for generalized boosts by using the
identities,

v = BY (BT P = Biw”, 4 =By (Bhy") Br L. (2.47)

In place of (2.40) and (2.41) the transformation of any operator of the form (2.36)
is identical to the transformation obtained by the substitutions

vow=v+q/M, ¢, b, =B W(B,iD,)b,, (2.48)

with no transformation of the coordinate and gauge field. The rules (2.48), with
suitable choice for W, may be identified with the rules obtained by enforcing
“reparameterization invariance” [84]. However, we emphasize that from the present
perspective, we are not changing the reference vector v, but simply noticing the
equivalence of (2.40) and (2.41) on the one hand, and (2.48) on the other hand,
when acting on operators of the form (2.36).

2.3.3 Invariant Operator Method

It is not obvious that a non-zero Lagrangian, invariant under (2.40) and (2.41) to
arbitrary order, will exist. For example, in (2.31) invariance relies on the possibility
to enforce dL, = 0 by modifying the boost generator as in (2.34) and enforcing
relations as in (2.33) and (2.35). 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 A.

The embedding of the little group into constrained representations of the full
Lorentz group (cf. Sect.2.4) provides a framework for constructing explicitly
invariant operators. Suppose that we find an operator I'(v, iD) such that

(A, iD)A"'W(A,iD) = I'(v,iD), (2.49)
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when acting on fields ¢, obeying the appropriate constraints, as given in Sect. 2.4
(e.g. P, = ¢, for spin-1/2). It follows from the rules (2.48) that the combination

o, = I'(v,iD)¢, (2.50)

is invariant under the reparameterization implementation (2.48) of generalized
boosts. Provided that invariance under generalized rotations (2.37)—(2.39) is main-
tained, we may build operators that are explicitly invariant. For example, in the
spin-1/2 case

\Ijvip \I/v ) \1/1)\1}1) ) \I/uiO'HV[D/u Du]\Ilv ) (251)

are invariant. Note that because of Eq. (2.15) the only constraints on I'(v, iD) from
Eq. (2.49) come from boosts A = 5.
Applying field redefinitions as in (2.42), the condition (2.49) for I" becomes

I'(v+ q/M,iD — q)B~'W(B,iD + Mv) = T'(v,iD) . (2.52)

We will refer to (2.52) as the “invariance equation”. Provided that such a I'(v, iD)
can be found, the field

P! (x) =T'(v,iD)¢) (x) (2.53)

obeys a simple transformation law under the reparameterization implementation of
generalized boosts (2.48),

O — O =P (2.54)
Noting that e~ "4 (iD* + Mw*)e'?* = iD* + Mv*, invariant operators may thus be

built from contractions of polynomials of v* and v* + iD" /M, between ®/ and @’ .
For example in the spin-1/2 case,

U (iD + M), WV Wl ic"[D,,D,]V, (2.55)

are invariant.

2.3.4 Solution for I'(v,iD)

The key element of the invariant operator construction is a solution of the invariance
equation (2.52). Without loss of generality, let us set N(v, iD) = 1; the solution for
general N can then be obtained by I'(v,iD) — I'(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.
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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
W1 (B,i0 + Mv) of the form [84]

W1 (B,id + Mv) = By Ay (Viree, v + ¢/M) " Ay (Viree, v) (2.56)

. iv-0 1 ) 5 1.

+O(1/M°),
where A1 (4, v) was defined in (2.14), VY, . = v#+i0" /M and Voo = VE | Vireol-

We have also used that /vy, = 1),. Inspection of (2.52) shows that an all-orders
solution can be written for I" in the non-interacting theory,

I'(v,i0) = %(Vfree, v) = f]\fl +om {é(if)L)Q - %i{hiv . 8}
b G000+ i, <—z(im)2+(m-a)2ﬂ +O(L/M).

(2.57)

In the interacting theory it turns out that one cannot simply replace 0 by D
in (2.57) to obtain a solution for I'(v,iD). It is instead necessary to add specific
field strength dependent terms, first to W (as in (2.58) and (A.2a) below) in order
to satisfy consistency conditions, and then to I' in order to solve the invariance
equation (2.52). The computations of Appendix A show that a solution for I'(v, iD)
will exist if we specify

w-D 4
i >+(9(1/M ), (2.58)

w

1(B,iD+Mv) =1+ —5 4M2 Wq“Di <1 -
with (2.58) reducing to (2.56) at g = 0. Let us proceed through O(1/M?), writing
=1+ r(l) + 2 F(Z) + 27 F(3> +. (2.59)

and deriving a solution to the invariance equation (2.52) order by order in 1/M.
In Appendix A we present a systematic construction that extends the solution to
arbitrary order.

Modulo terms that vanish when acting on 1), with ¢, = 1,,, we find

. %ip L (2.60a)

1 1
r® = —g(iDL)Q — il Liv D+ gAT" Gy + gBY 0" Gy (2.60b)
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1
1“(3):1(1'Dl) iv-D+ —— DJ‘ —g('DJ_) + (iv - D)?
— 26,0 DY — L 5" G, D (2.60c)
] uv 1 ].GUJ' vt 1, .OUC
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 I given by

[(v,iD) = (1 — iAo, [V*, V] — iBy, V[V, VY] + .. )T (0,iD).  (2.61)

Similarly, we have absorbed additional 1/M? terms in (2.60c). The remaining terms
in (2.60) have free derivatives D/, acting to the right, and cannot be removed as
in (2.61).

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

iy na
;C—\IJ'U{M(V 1) *aFgO— 45#” +l.dDg{V“’[MVV7G }}

16M2
VMV, G
w18 16M3
G, G VaGHG,p VP
Fang G s OER L, 20

Performing field redefinitions to arrive at canonical form, we recover the result
(2.30) with constraints (2.33) and (2.35). The computation at O(1/M*) is presented
in Sect.2.6. 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. Sect. 2.4).

The passage from (2.57) to (2.60) is not as simple as previously envis-
aged [84, 86], and careful attention must be paid to the interplay of Lorentz
and gauge symmetry. The computations in Appendix A show that an arbitrary
“covariantization” of (2.56) does not solve the invariance equation (2.52). 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 (2.60c), are necessary in order that I'(v,iD) satisfy the
resulting invariance equation (2.52). These considerations have previously been
overlooked [84, 86]. For example, a naive covariantization of Eq. (2.57),

rmeive(y, iD) = 1 + % +o5 [—;(iDL)Q - %ip Liv- D} (2.63)
1 [1
+ o {4(iDL)2ivoD+ P (S(DL) +(iv‘D)2>]

+0(1/M*Y),
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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
right hand side of (2.63) would imply a transformation ¥, — 1, =
[naive (v, iD)~leldxTmaive(yy iD)q), that takes 1, outside of the assumed
representation space, with 91, = 1,. 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 (2.60c) would lead to incorrect 1/M* Lagrangian
coefficient relations (details are presented in later sections of this chapter).’

Before closing this section, let us summarize the value of the invariant operator
method. Appendix A shows that we can find a suitable covariantization of W(B, i0+
M) 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 non-
zero, Lorentz invariant Lagrangian to arbitrary order. We may proceed in either
of two ways to construct invariant Lagrangians. Firstly, we may proceed as in
(2.62), 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 (2.30) (or its generalization to arbitrary v),
armed with the knowledge that a suitable boost generator as in (2.34) can be
reconstructed order by order.

2.4 Higher-Spin and Self-conjugate Fields

Although the explicit results have so far focused on spin-1/2 fields transforming
under an Abelian (i.e. complex) gauge group, the formalism extends straightfor-
wardly to fields of arbitrary spin or to self-conjugate fields. Below we describe
the formalism for embedding arbitrary spin representations within products of
Dirac spinor and Lorentz vector representations of the Lorentz group. For a related
discussion see e.g. [43]. We also describe constraints imposed on the effective theory
deriving from self-conjugate fields, and the relation of such constraints to discrete
symmetries C, P and T.

2.4.1 Higher Spin Representations

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

Yo = Asthy,  Z9 = ABZY, (2.64)

7"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*.
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where A = D(W) is a little group element as in Sect.2.2.1, i.e., Av = v. The
corresponding generators for these two representations are given by
‘

4

1 (073 (0% « . (0 (0
D=0 =1l (T =i(e580 8080 269)

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 Z/1-+#» which has (n + 1)? degrees of freedom. Imposing

Uy, ZE =0 (2.66)
yields n? additional constraints, leaving us with 2n + 1 = 2s + 1 degrees of
freedom as desired. Under Lorentz transformations this field transforms as

Zivetn — NN Ze (2.67)
Using ATgA = g and Av = v, it is easy to see that symmetry, tracelessness and
the constraint (2.66) are preserved by this transformation.

Half-integer spin: For half-integer spin s = n + 1/2, consider the spinor-tensor
hk2:k which is totally symmetric in the indices p . . . p, and therefore has
2(n+1)(n+ 2)(n + 3)/3 degrees of freedom. We impose the constraints®

e ) (2.68)

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) = 25+ 1 degrees of freedom remain. Under
Lorentz transformations this field transforms as

Pl AL A Ayl (2.69)

This is symmetric in p; . . . it,,. That Eq. (2.68) are preserved follows immediately
from Av = vand AT y#AL = AH 4Y.
2 2

The construction of heavy particle Lagrangians for higher-spin fields proceeds in a
similar way to the spin-1/2 case described above, with extension of the spin matrices
(1, o) to the appropriate set. It is possible to choose spin matrices of the appropriate
dimension to construct the Lagrangian for a heavy particle of arbitrary spin valid to
any order in the 1/M expansion.

8Note that the second constraint implies g, ¥5"#3 *#" = 0 and, furthermore, is equivalent to
imposing vy, Y51 = 0 and €5, vV 0B PhLH = 0.
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2.4.2 Self-conjugate Parity and CPT

The self-conjugacy of SU(2) implies that for any field ¢(x) transforming as in (2.8)
or (2.19) with the plus sign, the field

¢°(x) = $¢" (x), (2.70)

transforms as in (2.8) or (2.19) with the minus sign. Here S is the (2s+1) x (25+1)
similarity transformation for the spin-s representation of SU(2), such that (—¥)* =
§¥iS~1. In covariant language, this translates to the simultaneous transformations

bu(x) = ¢ (x), V" — —ot. (2.71)

In terms of the irreducible representations constructed in Sect.2.4.1, the field
transformation in (2.71) reads’

Z{)uu-lix — (Zz)liln-/ix — (Z{)iln-lix)*’ wi}tln-lix — (,(/)Z)mmux — C(,(/}Ltl---/ts)*7
(2.72)

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
CTyHC = —~H*. The parity (2.71) arises if the effective theory is describing a full
theory of a self-conjugate field (necessarily 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) = e M, (x) VM = M pr (x) /VM = 7 (x) . (2.73)

Similarly, the effective theory for a Majorana fermion represented by a Dirac spinor
¥y = 1§, can be obtained via

U = V2e M (hy + Hy) = V2eMUF (R + HE) = b (2.74)
where /vh, = h, and /vH, = —H,,.

It follows from (2.71) that the allowed operators q@v(’)(v)@, in the Lagrangian
representing a self-conjugate field can be chosen such that

O(v) = CO(—v)*C". (2.75)
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

9We here choose a basis such that § = 1 for vectors.
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to above, operators of the form ¢, [iv - DX(v) + X' (v)iv - D], appearing in the
Lagrangian must be such that X(v) = CX(—v)*C'. Hence field redefinitions of
the form ¢, — [1 — X(v)] ¢, achieve canonical form of the Lagrangian while
preserving (2.75).

The self-conjugate parity for heavy fields described above is equivalent to
imposing a modified, heavy-particle version of CPT, where P and T act on a Dirac
spinor Y, in the usual way, but C acts as the identity:

C: X(LX) —>X(I,X), PZX(I,X) _>70X(t7 —X), T: X(LX) _>7173X(_t7x)'
(2.76)

In this formulation, the reference vector v* is unchanged while the field transforma-
tions under discrete symmetries C, P, T are implemented. Hence, it may be imposed
in the case where the heavy particle effective theory is written in the rest frame
where the reference vector has been fixed to v* = (1, 0).

2.5 NROQED Example: Lagrangian

Let us demonstrate the application of our formalism in the case of Nonrelativistic
QED (NRQED) (i.e., the parity and time-reversal symmetric theory of a heavy
spin-1/2 particle coupled to an Abelian gauge field) at O(1/M*). We will also
consider examples with multiple heavy particle fields, and other relativistic degrees
of freedom beyond Abelian gauge fields.

NRQED is an effective field theory [21] describing the interactions of nonrel-
ativistic fermions with electromagnetic fields. NRQED interactions at order 1/M*
have become relevant for describing radiative corrections to proton structure contri-
butions in hydrogenic bound state spectroscopy [58, 93]. The NRQED Lagrangian,
properly constrained by Lorentz invariance, trivializes the derivation of low-energy
theorems of Compton scattering [95] and automatically incorporates the intricate
singularity structure of scattering amplitudes [10, 99]. It can be used to rigorously
compute radiative corrections to low-energy lepton-nucleon scattering, and it also
provides a model-independent framework within which to analyze static properties
of nucleons, such as polarizabilities and generalized electromagnetic moments [85].

Let us illustrate the formalism for constructing heavy particle Lagrangians,
deriving a complete basis of operators and coefficient constraints through order
1/M* for the effective theory of nonrelativistic nucleons and leptons interacting with
photons.!” An important formal issue first arises at order 1/M*: as discussed in the
previous sections, a “reparameterization invariance” ansatz for enforcing relativistic

10For definiteness we will often refer to the heavy fermion v as the “nucleon”, and to a second
fermion x in Sect. 2.8 as the “lepton”.
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invariance breaks down at this order. We derive the correct implementation of
Lorentz invariance constraints and the resulting Wilson coefficient relations (i.e.,
nonrenormalization theorems) through order 1/M*.

Let us begin by constructing the NRQED Lagrangian in the one-fermion sector
through order 1/M*. Consider the Lagrangian for a heavy fermion coupled to
an Abelian gauge field. We enforce hermiticity and invariance under parity, time-
reversal and rotational symmetries. We also perform field redefinitions to eliminate
time derivatives acting on the fermion field (apart from the leading term); we refer
to this choice as the “canonical form” of the heavy particle Lagrangian. We thus find
in the one-fermion sector,

D? D* o-B (D - E]
AP ] - -
L= {1D,+022M +C48M3 + crg M +¢pg M2
Li o-(DxE—ExD)
icsg Ve
N {D?, o B} Dio - BD' o-DB-D+D-Bo-D
CWi18———a—— — CW28———=— +
w18 8M3 w28 4M3 1pg 8M3
1 {D',[8 x B’} i ,B® - E* ) E’
ST g T VR N TT V2
[D*>,D-E +E-D| {D? [0 -E]} (0% - E|
+cxag 7 + Ccx28 MA + cx38 e
. L{D'[ExB]} . Do -(DxE—ExD)D
+ icxag B Y7 S + icxs58 7
. é*a'DI[8 - E|DF
+lCXGgT
50 - B[O - E| 5 |E - 0o - B| 5[B- 00 - E]
+cxr8 T + Cxs8 T + Ccx98 o
5 |E'o - OB
+ ¢x108 Tt
Bio - O o-ExX[0E—0xB
+Cx1182[Mi4] + cx128” [1{44 ] + 0(1/M5)}¢~

(2.77)

We have defined D, = 9/0t + igZA°, D' = 0/0x' — igZA!, where —gZ = —e,
+e or 0 for an electron, proton or neutron, respectively. The operators up to
1/M3 were previously listed in [21, 77, 86]. We use the summation convention
X'y = 30 XY, and define [X,Y] = XY — YX, {X,Y} = XY + YX to denote
commutators and anticommutators as usual. Square brackets around quantities
imply that derivatives act only within the bracket. Electric and magnetic fields are
defined as usual by E = —[9,A] — [0A"] and B = [@ x A]. By the definition of E
and B, [0-B]=0and [0,B+ 0 x E] = 0.
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The most general term in (2.77) is obtained by constructing all possible rotation-
ally invariant, hermitian combinations of iD,, D', E',iB', ic?, with parity requiring an
even number of factors of D' and E'. Terms at 1/M* with two field strength factors
E' or B' are straightforward to tabulate; note that we have used [0,B] = —[0 x E|
and the assumption of canonical form to eliminate time derivatives of the magnetic
field. Remaining terms at 1/M* involve one factor of electric field E and three
spatial derivatives D'. Spin-independent terms are straightforward to tabulate; the
basis of operators parameterized by cx1, cx2, cxs differs from other possible choices
by terms involving commutators [D', D], i.e., terms with two field strengths. For
spin-dependent terms we use [@ x E|] = —[0;B] and the assumption of canonical
form to eliminate occurrences of [@ X E]. The three-vector identity,

DE x oy + (6 xDYE' +0'(DxEY =D -E x 06", (2.78)

applied to remaining terms of the form T D(. .. )D/1), leaves the basis of operators
parameterized by cxs, cxe.

2.6 NRQED Example: Relativistic Invariance

The Lagrangian (2.77) is invariant, by construction, under rotations and spacetime
translations. The remaining constraints of relativity are enforced by demanding
invariance under boosts. Here we derive these additional constraints, first by a
variational calculation in Sect.2.6.1, and then by an equivalent invariant operator
construction in Sect. 2.6.2.

2.6.1 Variational Method

As detailed in Sect. 2.2, under infinitesimal boosts, with infinitesimal boost param-

eter n = —q/M, we may choose the heavy fermion to transform as
o ig-D iqg-DD* o xq-D D?
xSl — 1
Ve { TomE T T PTYER Ve
icpg Csg 4 6

(2.79)

while derivatives and gauge fields transform as Lorentz vectors:

1 1 1 1
B%BquXE, E%EJquxB, D%DJquD,, Dt%D,+Mq~D.

(2.80)
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Field strength-dependent terms in (2.79) have been chosen to maintain canonical
form. Since we are interested in the canonical Lagrangian through order 1/M*, we
need not specify the explicit form of the order 1/M* field strength-dependent terms,
denoted by O(g/M*). A straightforward computation yields

oL = *(5£1 —|— (5£2 —|— 5£3 + (5£4 R (2.81)
where
5£1 = 1/JT [(1 — Cz)lq D]

(1-co){q-D,D;}+= ( —2cr+cs)oxq-E| 1,

l\.’)\»—l

0Ly = {
i
(Sﬁg = wT |:(§q . [3 X B] (CF —cp + ZCM) + Z{q 'D,DQ} (6‘2 — C4)
+ %{q -D,o - B} (c2Z + 2¢cp — ¢s — 2cw1 + 2¢w2)
ig
+ g{o' "D,q B} (—c2Z + cr — ¢pp)
+ %q oD -B+B-D)(—cr +cs — cpp) | . (2.82)

From §L1, 6L and L5, we find [58, 86]'!

co=1,cs=2cp—Z,cy =1, 2cy = cp—cp, cwa =cw1—Z, Cpyp =cp—Z.
(2.83)

Employing the above relations, the variation § L4 takes the form

j VA
6Ly =T {lg[DQ,q -E] (54 —cp4cp— 32ch>

' z
+ %{q .D,[d-E]} (—4 Fop— 16CX2>

2

Z2
%q E xB ( +2€F( —CF) —QZCD+CA2+16CX4>

+

o |0q

1
[q-o x 8- E| (—Z+CF—4CD+ch +80X6)

+§D‘ (4(ExoY+(Exo)qd+o xq-E)D (2—2c;r+16cx5> }iﬂ,
(2.84)

1 As noted in [58], we find the opposite sign in the relation for ¢y, in (2.83) compared to [86].
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where we have suppressed terms that are removed by field strength-dependent
modifications of the boost generator, denoted by O(g/M*) in (2.79). We readily
find,

32CX1:Z*CF+CD7

VA
326)(2 = —5 + 26[:,

32cx4 = —2Z% — 4dep(Z — cf) + 4Zcp — 240,
32cx5 = —Z + 4cr
32¢x6 = 4(2 — CF) + cp — dewn (2.85)

while coefficients cx3 and cx7. x12 are not constrained by Lorentz invariance.
We thus find that seven new quantities are required at order 1/M* to describe
the proton’s response to arbitrary background electromagnetic fields. The above
relations following from relativistic symmetry are non-renormalizable.

2.6.2 Invariant Operators

An alternate method for enforcing Lorentz invariance is to construct the Lagrangian
from explicitly invariant operators. We summarize here the main points; the details
are presented in Sect. 2.3.

The basic building block in the construction is the field ¥, = I'(v,iD),,
where 1, is a Dirac spinor field with ¢, = 1,. The matrix-valued operator
['(v,iD) is determined such that under an infinitesimal boost A, where A¥ v” =
v* + g* /M, the field ¥, has a simple transformation law: ¥, — a4, Noting
that e ~4*(iD* +MuvH +g*)e4* = iD* +Muv*, we may thus build invariant bilinears
from contractions of polynomials of v and V* = v*+iD* /M, between ¥, and V.

The function I'(v, iD) is a solution to the invariance equation,

I'(v+q/M,iD — g)A"*W(A,iD + Mv) = T'(v,iD), (2.86)

where W(A,p) is an element of the little group for timelike invariant vector v*,
following from the theory of induced representations of the Lorentz group. Up to
the relevant order for determining the 1/M* Lagrangian we have [57]

iDL 1 1 (1, .
I'= +2M+M2{ 8( 1) - ll)uu } M3{4(1DL)wD

_’_lpij‘ I:_g(DJ_) +(ZUD)2:| +— 3 Fﬂl/ MDZ_—"_ ].GO-J_ VZDJ‘}+

(2.87)
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where we have defined D‘i = D! —v#v - D, and for Abelian gauge fields F,,, =

0uA, — 0,A,. Note that the last two terms of (2.87) are absent in the ansatz for

reparameterization invariance given in [84], leading to incorrect Lorentz invariance

constraints at 1/M* and beyond. This subtlety is explained in Sects. 2.1-2.3 above.
A complete basis of invariant bilinears required through order 1/M* is

_ O E AV MV, F*])
L=V IMVY-1)-— b e
L
MY MY )
w18 16M3
L Fu F1Y o Vo FHOF, 3 V8 2
tang o s tans ——aE— }\I’u + ax3Bxs + ; axiBxi.

(2.88)

The bilinears By; for i = 3,7...12 are chosen to reduce to the respective operators
multiplying cy; in (2.77) upon setting v# = (1,0,0,0) and neglecting 1/M
suppressed corrections. Since we are concerned only with the Lagrangian through
order 1/M* we do not specify an explicit choice for these By;. A computation shows
that the field redefinition to recover canonical form is

o o o52) o
_ 4(3'\4723DH U F oy + 4]‘; 0D Vo F
- oy B Dy i D - B 0
+ 0, 2 0o [ .89

Upon setting v = (1,0, 0,0), the resulting Lagrangian, expressed in terms of 1.,
is identical to the previous result (2.77) with constraints (2.83) and (2.85).

2.7 NRQED Example: One-Photon Matching

This section relates the matching conditions in the one-fermion sector to standard
form factors of the nucleon. The coefficient relations of the previous section, derived
from relativistic invariance, are verified explicitly. We focus here on operators
contributing to the one-photon matrix element. Coefficient relations for operators
contributing to the two-photon matrix element may be similarly verified.
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Fig. 2.1 Tree level matching of the one-photon amplitude in the full theory and NRQED. The
black dot in the diagram on the right-hand side represents single-photon NRQED vertices

Consider first the operators contributing to the one-photon matrix element of the
nucleon. The matching is performed in terms of standard invariant form factors,

_ 0, »
WG ING) =TT @u(p) s Tale) = 1 6) + e FY ()
(2.90)
where ¢ = p’ — p and N denotes a proton or neutron; we suppress the superscript

N in the following. Equating the effective theory with the full theory,'? we find (cf.
Fig.2.1)

CF:F1+FQEZ+(1N+O(CM),
= = = 4

cp = F1 + 2Fy + 8F} zz+§M2(rg)2+0(a),
I 1 o !

Cw1 :F1+§F2—|—4F1 —|—4F2,

cx3 = éF’l + iFg + %F;’, (2.91)
where Z denotes the electric charge, ay is the anomalous magnetic moment of the
nucleon, and r} is the nucleon charge radius. We have introduced dimensionless
barred quantities to denote derivatives with respect to g?/M? at ¢ = 0: F; =
F1(0) = Z, Fy = F»(0) = ay, F/ = M*F!(0), etc. The new quantity F’ appears
at 1/M*. Expressions for other Wilson coefficients up to 1/M? in terms of form
factors can be found using (2.83). At 1/M*, we also find

Cx1=iF1+iF2+1F/
128 32 4"
3 - 1 -
CX2:@F1+EF27
Cx513F1+1F2
32 8 “’
CXGZ_%F1_5F2_3F;_%F/27 (292)

12The nonrelativistic normalization of states in NRQED is obtained using #(p)u(p) = M/E, in
(2.90).
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and it is readily verified that these expressions satisfy the constraints (2.85). In the
presence of radiative corrections, the form factors on the right hand sides of (2.91)
and (2.92) should be interpreted in an appropriate infrared regularization scheme;
alternatively, the matching may be performed with infrared finite observables.
The corresponding infrared subtractions and ultraviolet renormalizations must be
performed to obtain the Wilson coefficients including radiative corrections.'?

2.8 NROQED Example: Photon and Four-Fermion Sectors

So far our analysis has focused on the one-fermion sector. We have derived the form
of the Lagrangian appropriate, e.g., to a proton in a background electromagnetic
field. Let us consider the complete QED theory including dynamical photon, as
well as a lepton (electron or muon) field. The case of a nonrelativistic lepton is
appropriate to bound state hydrogen studies, or very low-energy lepton-nucleon
(e.g. muon-proton) scattering, where £ < my, M. We first consider this case, con-
structing the operator basis, deriving coefficient relations and identifying redundant
operators. We then turn to a brief discussion of the case of a relativistic lepton,
appropriate to e.g. low-energy electron-proton scattering with my, E << M.

2.8.1 Pure Photon Operators

The pure gauge sector for NRQED is the well known Euler-Heisenberg Lagrangian.
Enforcing parity and time reversal symmetry and neglecting total derivatives we find

1 F, [0?F* F, [0*F™
Ly == Fw "+ CV24#V[A42 : JrC’VAFW[M4 |

(FHVF/LV)Q 9 F/LFl/p}:‘/lgFaH

Y7 + Cp2g M

i (2.93)

+ cp1g®

The coefficients cy5 and cy4 may be set to zero through field redefinitions on A*, as
discussed in Sect. 2.8.3 below.

13The expressions on the right hand side of (2.91) and (2.92) correspond to those referred to as
C’QED in [77]. The renormalization procedure in dimensional regularization is described in [86].
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2.8.2 Four-Fermion Operators

Consider four-fermion operators relevant for processes in the one-nucleon, one-
lepton sector. We enforce hermiticity and invariance under parity, time-reversal and
rotational symmetries. We use the notation D for a covariant derivative acting to
the left, XD = [0'X] + igZXA!, and define D. = D + g, D.=D-D. Having
performed field redefinitions to eliminate operators with time derivatives acting on
heavy fermions, the Lagrangian in this sector, through 1/M*, is

Loy = w*a’zﬂx Ux+ wa X+, WD ¥ XDy
+ M—WDL ¥ XDy
d d
+ ot (0% + D2y xix + e (0% + D)y

d
+;gv17 o By x'x+ S’ka* Dy x'DA x

ido .
+ —ie”kz/JTU’D’+z/J Dk x

glO dllt i
=yl xTo - By + i R YTDA A xTo' Dy

ld12 Uk

WDy xTo' Dl x

d , o d . o
13W ‘D xTo! +x+ﬁWU’D’J/J x'o'Dx

dlS?/JTU Dy x'o-Dix
+ i}iw o-D_yxlo-D_x+ 1Z¢TcriD/'_1/) x'o/Dx
w* ‘D + D2y vy + IQW ‘(DD + DD xtoix
+ %ww Ko (D7 + D)+ Eptoty o (DD + VDY)
(2.94)
Here x is the nonrelativistic lepton field with mass M,, and for notational simplicity

we write all operators in terms of the common mass scale M.'* Covariant derivatives
appearing within a fermion bilinear in (2.94) are understood to act only on fields

14Note that the coefficients d1 2 in (2.94) are related to those of Caswell and Lepage [21] by a
factor My /M.
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in that bilinear. The heavy field v transforms under boosts as in (2.79). Recalling
that ¢ in (2.79) is related to the mass-independent infinitesimal boost parameter by
n = —q/M, the transformation law for x is obtained by the replacement M — rM
and ¢ — rg, where we define r = M, /M. We thus find

1 . d
0Ly :M4{¢qu D_1 x'x [22 —2rdy — 2d5}

d
+ Ty xtig-D_x [2?» — 2dy — 2rd6}

d d
+lo-gx Do xTx {42 + 4%’ — 2dg — 2rd9}

. - [d
+olig-D_o'p xTo'y {21 — 2rdyy — zdlg]

b

fxto - g x D — 2rdy1 — 2
+yY'vx'o - g x +X[ TPl rdyy d12]

. . d

+ ioiyytig - D_o'y B —2dy4 — 2rd20}
T t dl

+ylic-D_vy x'o - qx Z—Zrdl(;—dlg
i iy di

+¢Ylo-q x'io-D_x E—2d16—rd21
t; I S

+Ylio -qD" Y x'o'x —Z—Qrdn—dw

. . d
+vlo'yxlio - gD x [—41 — 2di7 — ’”dzl] }
r
+ O(1/MP). (2.95)
This enforces the relations

d
Fd4+d5:f, ds = r’ds, 8r(ds+rdy) = —rdy +ds,

8r(rd11 + d12) = —dy +rdy,

d
rdiy +dig = Zl ;

r(dig +di7) +dig =0, dig = ridoy, (2.96)

d
dis = r’dag, 2rdig +dig = Zl ;
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implying a total of 12 independent four-fermion operators through 1/M*, including
two at order 1/M?. By performing field redefinitions on the gauge field A*, some
of these four-fermion operators are found to mix with one-heavy particle sector
operators, as discussed in Sect. 2.8.3 below.

Equation (2.94), with constraints (2.96), applies to the case of distinct heavy par-
ticles represented by 1, x, with arbitrary mass ratio M, /M. For certain applications,
e.g. positronium or heavy quarkonium bound states, the fields 1) and x can be taken
to represent particle-antiparticle pairs with » = M, /M = 1. Charge conjugation
symmetry is then implemented by enforcing invariance under ¥ <+ X, thus reducing
the basis of operators. This case has been investigated for QCD through O(1/M*)
by Brambilla et al. [17]. We find that our basis of four-fermion operators (2.94) and
constraints (2.96) are equivalent to those found in [17] for this special case.'”

2.8.3 Field Redefinitions and Redundant Operators

With a dynamical photon field, we may perform field redefinitions that maintain
reality and gauge, parity, time reversal and rotational symmetries. In order to avoid
upsetting the previously determined coefficient relations, we must also maintain the
transformation law for A# as a four-vector under Lorentz transformations, i.e.,

1 1
A" 5 A" — —g- A, A—A— —qgA". 2.97
— ul A — u? (2.97)
Let us write
A=A+ DAL+ DAL FAA A+ (2.98)

For the pure gauge field terms the most general expression is

0, F"H %0, FVH
M?2 ay2 M4

AAF =a, +0O(1/M5). (2.99)

Terms involving the heavy fermion v take the form

AwA'u ~ \IJ'U’-YH\IJ'U ~ 8&(\11110'0[“\1}11)
B A 7 R v
- av YH, JaﬂFoz v, ~ 0? @u'}/quv
+ aysg { 7 i + ayps ( e )
U0t VP Fa5}¥,
t+aysg——— o817 L o1 /MP), (2.100)

15The difference between Abelian and nonAbelian gauge fields is trivial for four-fermion operators
through this order.
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where we have employed the invariant operator formalism of Sect.2.6.2. In
particular, ¥,, = I'¢, with I' from (2.87) and 1, from (2.89), expressed in
terms of the field ¢!, = 1 with canonical Lagrangian (2.77). As an alternative to
the invariant operator formalism employed in (2.100) we may expand A,A° and
AyA in a series of rotationally invariant operators with arbitrary coefficients, and
subsequently constrain these coefficients using (2.97). The result is equivalent to
(2.100), with five free parameters through O(1/M*),

0 f 2yt to
Led =aw11fw12/)+%28 (v ¢)—i<%—a¢4)m

g M4 4 M4
fo-B
AyA SD_y 9 x (Wioy) o x B ;
g Vo tapa— 3 taysg +0(1/m7).
2.101)

The expansion of A, A" is obtained from (2.101) with the replacements ¢ — X,
M —M,,Z— Z,and ay; — a, ;. In terms of the field A:L in (2.98), we find in the
pure photon sector,

1 1
Scygy = —5an Scyy = —502 — Zagl + 2a.1cv9, (2.102)

while for the ¢ sector,

dcp = —826171 + 8611/,1 , Ocw1 = —4cFa71 + 8a¢4,
OCaz = —16226171 + 16Zay1 ,

cpa csZa
dcxs = —7D871 + Zayo — ay1ay1 + 4eyoaygt + ayo , dexr = — s 1 ol +ays,
2
Cra Ccra

dcxg = crZay — o1 Zays, Ocxg = — ol CFaya ,

2

cta csZayy
56‘}(11 = FT’Y — Cpaw4 5 56)(12 = il + aw5 . (2103)

Similar relations hold for the Wilson coefficients cl-(X) in the y Lagrangian, defined
asin (2.77), with ¢ — x, Z — Z,, M — M,, ¢; — cl.(X). Finally, for the four-
fermion operator coefficients,

5d2 Zaxl (Sdg C(DX)Cld,l
—_— = —Zxad,l — r2 s gT = 8r2 + 81"2
5d4 Z.a 1 Za 1 5d7 V44

& BT P 1 (T da) — 2,

Cpay Za

+ Zyays + =22

X
rd
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(Sdg Z Csay1 (Sdlo ZZ Za 3
z 5 (av1 —days) = 5=, 2 = 1 (@ —daya) — =3,
od cXq Z od od cWyq cra
1 C w1+7(ax1*4ax4)a 13 _ 05 _ Cp dya | Crdxa
g2 8r2 8r4 g2 g2 2r 2r3
(2.104)

The coefficient relations (2.83), (2.85) and (2.96) are preserved, since by construc-
tion the Lorentz transformation properties of A# are unchanged and hence the boost
transformation rules (2.79) and (2.80) still apply.

We may use (2.102) to eliminate vacuum polarization terms cyo and cyy in
favor of compensating terms in (2.103). Similarly, (2.103), together with the
analogous relations for cfX), and (2.104), can be used to eliminate ten linear
combinations of Wilson coefficients for two-fermion and four-fermion operators.
Different applications may favor elimination of different operators.'®

2.8.4 Relativistic Lepton

For applications such as lepton-nucleon scattering at energies my, E < M (e.g.,
low-energy electron-proton scattering), the relevant effective theory involves a
heavy fermion (e.g., the proton) interacting with an electromagnetically charged
relativistic fermion (e.g., the electron). Let us briefly discuss this case. Enforcing
parity, time-reversal, gauge, Lorentz as well as chiral symmetry at my; = 0, we find
the leptonic interactions with the photon,

-, o  oMF ‘ ) [OMF v
Lo=1F zD—mg—i—gc,(;)mg e —|—gc() —|—ch)#

+O(1/M*) | ¢

(2.105)

where we assume field redefinitions have been performed to remove power sup-
pressed terms involving (i) — my)L.

Having performed field redefinitions to eliminate operators with time derivatives
acting on fermion fields, the Lagrangian for the nucleon-relativistic lepton sector
through O(1/M?3) is

by 70 by i b3 7, by i Ol
Lyp = 50T B+ S 50Ta'y Iyl + S5t mell + S ptiDs Iy

b _ be 1 o+ . br o i
+ M—Ez,)wfzbﬁz'y D_{+ ﬁ%ejkdﬂa W melo 0 + We/kwa o DAL

16We have not specified gauge fixing and source terms, which are also affected by field
redefinitions.
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b i 7 i b iy o 7
o By iDL+ oD Byt + O(1/MY),
(2.106)

where ¢ is the relativistic lepton field with mass m,; and o/ = L[y/,9/]. The
heavy field ¢ transforms under boosts as in (2.79), while ¢ transforms under finite
dimensional representations of the Lorentz group in the usual way. Under Lorentz
transformation, we thus find

1 R 1 i i/,
OLye = —WWTMCI Yl (by + 2by) — WWU GOl v50 (ba + 2bg) + O(1/M*).
(2.107)
This enforces the relations

1 1
b4 — 5[71 5 bg — _§b2, (2108)

leaving seven operators in this sector through order 1/M?, including two at
order 1/M?.

By performing field redefinitions on the gauge field A#, some of these four-
fermion operators are found to mix with one-heavy particle operators. In addition to
the contributions A A* and AyA* from (2.98) we may employ

A w Z,yltg 4
We thus find the modified couplings in Ly,
o) = 7
D = —Ziay +an, (2.110)

and for the four fermion operators in L,

&b &b 1
?21 = —Zagy — Zyay, ?27 = ~Zsaya — eran (2.111)

with relation (2.108) remaining intact.

2.9 Discussion

The usual procedure of implementing Lorentz invariance via finite dimensional
representations of the Lorentz group is insufficient for application to heavy particle
effective theories. We have adapted the formalism of induced representations for
application to heavy particle field transformation laws. Returning to the questions
posed at the beginning of the chapter, we see that the parameter v enters as an
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arbitrary reference vector in the effective theory construction. Rules identifiable
with “reparameterization invariance” (2.48) are obtained by a rewriting of the
transformation law for generalized boosts, and the class of reparameterization
transformations consistent with Lorentz and gauge invariance is identified through
a systematic solution of the invariance equation (2.52).

Let us compare our formalism to previous work. A naive ansatz for imple-
menting Lorentz invariance via reparameterization invariance breaks down for
['(v,iD) starting at order 1/M3, corresponding to new effects at order 1/M* in
the canonical Lagrangian. The transformation law defined by W(A, iD) is corrected
at order 1/M*. These subtleties were not treated in the classic work of Luke and
Manohar [84, 86], and the ansatz proposed there would lead to inconsistencies at
the orders in 1/M specified above. Brambilla et al. [16] recognized that Wilson-
coefficient dependent corrections to W(A) must be included when deriving an
invariant Lagrangian in canonical form. However, there the constraints of Lorentz
invariance are derived (through order 1/M?) at the level of canonically quantized
charges, a procedure that becomes increasingly cumbersome at high orders in the
1/M expansion. In Sect.2.2 we have used general properties of commutators of
the S matrix with conserved charges to derive constraints at the Lagrangian level
that implement Lorentz invariance for heavy particle effective theories in canonical
form. In Sect.2.3 we have derived consistent reparameterization transformations
that allow solution to the invariance equation (2.52), and hence the construction of
manifestly invariant Lagrangians to arbitrary order.

At a practical level, the main results for building heavy fermion Lagrangians are
contained in (2.34), or for the invariant operator method, in (2.59) and (2.60). We
have illustrated the utility of these results by constructing the NRQED Lagrangian to
order 1/M*. This provides the rigorous framework for a range of applications such
as computing radiative corrections to low-energy lepton-nucleon scattering, and
understanding a sharp discrepancy in proton charge radius measurements through
scrutinizing proton structure effects in atomic bound states. In the next chapter,
we will construct heavy particle Lagrangians for WIMPs interacting with Standard
Model particles using the formalism developed here.
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