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We study taste and Euclidean rotational symmetry violation for staggered fermions at nonzero lat-
tice spacing using staggered chiral perturbation theory. We extend the staggered chiral Lagrangian
to O(a’p?), O(a*) and O(a*m), the orders necessary for a full next-to-leading order calculation of
pseudo-Goldstone boson masses and decay constants including analytic terms. We then calculate
a number of SO(4) taste-breaking quantities, which involve only a small subset of these NLO op-
erators. We predict relationships between SO(4) taste-breaking splittings in masses, pseudoscalar
decay constants, and dispersion relations. We also find predictions for a few quantities that are not
SO(4) breaking. All these results hold also for theories in which the fourth-root of the fermionic
determinant is taken to reduce the number of quark tastes; testing them will therefore provide
evidence for or against the validity of this trick.

I. INTRODUCTION

Simulations of lattice QCD using staggered fermions |1] are able, at present, to reach significantly smaller dynamical
quark masses than those using other fermion discretizations [2, [3]. This computational advantage is due in part
to the axial U(1) symmetry remaining at nonzero lattice spacing, which protects the quark mass from additive
renormalization. The primary disadvantage of staggered fermions is that each continuum flavor comes in four tastes.
In the continuum limit, the tastes become degenerate and one can formally remove the extra tastes by taking the
fourth-root of the quark determinant (the “ “ Det trick””). At non-zero lattice spacing, however, the SU (4) taste
symmetry is broken by discretization errors of O(a?), where a is the lattice spacing. These errors are numerically
significant in present simulations [4]. This has two related implications. First, since one must, in practice, take
the fourth-root of the determinant before taking the continuum limit, the resulting underlying quark action is likely
non-local. It is thus not guaranteed to lie in the same universality class as QCD, even if the non-local part is, in some
sense, of O(a?) and thus small.! Second, assuming that the continuum limit is correct, it is necessary to perform a
combined continuum and chiral extrapolation taking into account taste-breaking e [dts of O(a?) [1].

qug first issue is clearly more fundamental, but also more di Ccullt to address. To date, support for the use of
the * Det trick comes from an accumulation of numerical or indirect evidence: the accurate agreement of lattice
and experimental results for all “gold-plated” quantities that have been calculated [3]; the success of fits of the light
pseudoscalar meson masses and decay constants to the predictions of chiral perturbation theory including the O(a?)
taste-breaking errors [4]; the near four-fold degeneracy of eigenvalues of the staggered Dirac operator and its ability
to correctly measure the topology of the gauge configurations [8, I9]; and the results of analytic studies of the time
continuum limit |10, [11]. None of these tests purports to be conclusive. Nevertheless, in the absence of a more
theoretical approach, it is important to have further numerical tests. This is one of the motivations for the present
work.

Our major focus, however, is on the further development of chiral perturbation theory for staggered fermions
including discretization errors. This “staggered chiral perturbation theory” (or SXPT for short) is the theoretical tool
which determines the functional forms needed to do the combined continuum and,chiral extrapolations incorporating
taste violations. The development of SxPT for staggered fermions without the * Det trick, i.e. with four tastes per
flavor, is a stanq,’ird application of the methods of e [edtive field theory [12, [13]. In order to apply SxPT to simulations
done with the * Det trick, however, one must alter the XPT Feynman rules by hand (or alternatively use a variant
of the replica trick [14]), so there is no underlying “staggered chiral Lagrangian” which can reproduce the Feynman
wles [13]. Nevertheless, if the resulting expressions describe the outcomes of numerical simulations done using the

Det trick, one gains confidence that the long distance physics of the staggered simulations reproduces that of QCD
in the continuum limit. Indeed, the expressions in SXPT gQ/over to those of standard QCD XPT in the continuum
limit, and give an explicit example of how the e [edt of the * Det trick can vanish smoothly.
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We consider here only SxPT applied to the properties of pseudo-Goldstone bosons (PGBs).? SxPT is a combined
expansion in powers of the quark masses and lattice spacing, in which the usual power counting is m [a3. The leading
order (LO) correction to continuum XPT is the O(a?) potential, which was determined for a single flavor of staggered
fermion in Ref. [12]. This potential retains an SO(4) subgroup of the continuum SU (4) taste symmetry. Since this
subgroup is larger than the discrete lattice symmetry group, the masses of the PGBs in certain lattice irreps are
predicted, at LO, to be degenerate. Reference [13] generalized the potential to multiple staggered flavors, and showed
that the degeneracies remain. These predictjgns of SYPT work very well; both in old quenched results |15, [16, 17] and
in recent dynamical simulations (using the “ Det trick) [4]. This success gives one confidence in the utility of SXPT.

It is well known from continuum XPT that practical applications to the properties of the physical PGB mesons
requires one to work at least to next-to-leading order (NLO). The same is true of chiral extrapolations of lattice
data [18]. Thus for SXPT to be a practical tool for guiding extrapolations, it must be extended beyond LO. Important
first steps were taken in Refs. [13] and [19], where the one-loop contributions to the mass and decay constant of the
lattice Goldstone boson (that with taste &5) were calculated. These forms, and in particular the taste-breaking built
into them, have proved essential to describe the numerical results [7]. Conversely, the guccess of the fits provides more
evidence for the applicability of SXPT, and the lack of problems introduced by the * Det trick.

In this paper we continue the extension of SXPT to NLO by determining all the operators proportional to a2p?,
a’m and a*, including source terms for left- and right-handed currents and for scalar and pseudoscalar densities.
These operators give the analytic NLO contributions that incorporate the e [edts of discretization. Each is multiplied
by a dilerknt, unknown low energy coe Lcieht (LEC). The full NLO result is obtained by adding their contributions
to those from one-loop diagrams and from the continuum NLO operators.

In continuum XPT there are of order ten NLO operators, and it is possible to consider enough physical quantities
to determine their coe [ciehts and make predictions. In SXPT we find that there are an order of magnitude more
NLO operators. While, in principle, there is a corresponding increase in the number of physical quantities that can
be calculated (e.g. scattering amplitudes with many choices of external tastes), in practice it will be di Ccullt to carry
through a NLO program along the lines of that in the continuum.

Nevertheless, our enumeration of operators is not a purely academic exercise, for there is one set of quantities for
which very few operators contribute, and a number of new predictions can be made. These are quantities which
are non-vanishing only because the SO(4) taste symmetry is broken. Since this symmetry is preserved by the LO
Lagrangian, it is also preserved by the one-loop contributions, as these involve LO vertices. Thus the only source of
SO(4) breaking is the NLO operators. Furthermore, we find that for pion masses and pseudoscalar decay constants
(i.e. the vacuum to pion matrix element of the pseudoscalar density), the only contribution to SO(4) breaking comes
from the operators proportional to a%p?, and that there are few enough of these that we can make several predictions.
These are valid only at NLO, beigg violated by higher order terms. Comparison of these SXPT predictions with
lattice data numerically tests the * Det trick.

Discussions of staggered fermions can quickly become rather technical, so in an attempt to keep the main text of
this paper accessible, we relegate most of the details of operator enumeration to an appendix. The precise organization
is as follows. In Sections [l and [l we review the construction of the continuum quark-level e [edtive staggered action
and leading order staggered chiral perturbation theory, respectively. In Section [[M we discuss the symmetry-breaking
pattern exhibited by the O(a?p?), O(a?), and O(a?m) operators, and outline the general consequences for various
PGB properties. Our specific predictions for relations between SO(4) breaking in masses, dispersion relations and
pseudoscalar decay constants are presented and explained in Section M We conclude in Section Il We determine
the NLO staggered operators in Appendix [A, and collect them in the tables of Appendix [Bl

II. CONTINUUM EFFECTIVE LAGRANGIAN FOR STAGGERED QUARKS

The construction of the chiral Lagrangian including discretization errors proceeds in two steps [20]. One first
determines the continuum e [edtive Lagrangian for quarks with momenta much smaller than the lattice cut-o [1V/a.
The dominant power-law dependence on the lattice spacing is thereby made explicit. In the second step one maps the
continuum quark-level Lagrangian onto an e [edtive chiral Lagrangian. In this section we briefly review the first step
for staggered fermions, including in the e [edtive Lagrangian the leading discretization e [edts, which are proportional

2 There is a potential ambiguity in this terminology. We use the term PGB to refer to all pseudoscalar mesons (and fermions, once we
consider partially quenched theories) whose masses vanish in the combined chiral and continuum limits. This includes the pion whose
mass vanishes in the chiral limit even at non-zero lattice spacing, which we refer to as the “lattice Goldstone” pion, as well as all the
other light pseudoscalars with different tastes.



to a2. This Lagrangian was determined for a single flavor in Ref. [12], and generalized to multiple flavors in Ref. [13].
While we obtain no new results here, we attempt to clarify aspects of the discussion in these papers.

The construction of the eledtive quark Lagrangian follows the standard method developed by Symanzik [21], in
which one determines all local continuum operators of dimension up to and including six that are invariant under the
lattice symmetry group. Given the complexity of the symmetry group for staggered fermions [22], a simple way to
perform this enumeration is to first write down allowed lattice operators of dimension up to six, and then match them
onto continuum operators. The first step utilizes all of the lattice symmetries, including translations. It is discussed
in detail in Appendix A of Ref. [12]. The second step uses only transformations that map the 2* hypercube onto itself,
which are related to spin and taste transformations in the continuum [23]. As is well known, there are no dimension
5 operators [24, 25]. At dimension 6 one finds purely gluonic operators, fermion bilinears and four-fermion operators.
These operators were enumerated in Refs. [26] and [12].

Neither the gluonic operators nor the fermion bilinears break the continuum taste symmetry because they do not
contain any taste matrices. Since our major focus is taste symmetry breaking, we do not reproduce these operators
here. They do, however, break the continuum SO(4) rotation symmetry down to its hypercubic subgroup, SW,, and
we discuss this issue briefly in Appendix Al

SU(4) taste symmetry is broken by the four-fermion operators. We first recall the results for a single flavor and
then generalize to multiple flavors. We write quark bilinears using the direct-product (spin [fdste) notation of
Refs. [21, 128, [29].> Each four fermion operator in the e [Edtive Lagrangian turns out to be a product of two bilinears
with the same spin and taste. Thus one can use a compact notation to represent them. Following Refs. |12, 29] we
write the pair of spin matrices in the two bilinears as

1 1 | I |
SE]-D:I PEV5 1 V= YH m! A= y|J5 1 T= yu\) IIVHJ! (1)

M H H<v

using the definitions y,, = yuyv and yus = yuys. The pair of taste matrices are denoted in the same manner with
Yu — &u. The four fermion operator is then denoted by the spin and taste matrices that it contains. For example

CIr11 _
AxT]= Qyus CEB)IQQ(Ysn LE)Q, @

M ov<p

where Q, Q are Dirac fields with spinor and taste indices. We stress that Q, Q are at this stage continuum fields, and
that the two Q’s and two Q’s in this operator reside at the same position in Euclidean space.

The fields Q, Q also have color indices, which can be contracted in @) either within each bilinear or between them.
These two color contractions are related by Fierz transformations. In Ref. [12], these transformations were used to
select a basis in which all operators had the same type of color contraction. Here we proceed dilerently, following
Ref. [13]. We keep both color contractions, and use the notation such as [A =< T] to implicitly refer to both. This is a
sensible notation because, when we map these operators into the chiral Lagrangian, the choice of color contraction is
irrelevant: the two operators map onto the same chiral operators. Using this notation allows us to shorten the list of
operators, since by Fierz transformations we can always bring the operators into a form in which both bilinears have
“odd distance” (see Ref. [12] for an explanation of this terminology). For example, the operator {[S < S]—[P < P]},
which consists of two bilinears both of distance zero, can be transformed into a linear combination of operators with
odd-distance bilinears.

We now list the resulting four-fermion operators. They can be divided into two types based on how badly they
break taste symmetry. Twelve have their spin and taste indices contracted separately, as in the example of @), and
are therefore rotationally-invariant:

LET™) IS x Al +[SXV]+[AXS]+[V xS]+ [P xV]+[P x A]+ [V x P]+[Ax P]+
[TxV]+[T xAJ+[V xT]+[AxT]. (3)

Each operator has a unique coe Lcieht, which we do not show, that is proportional to a2, but also depends on g(a)?
and In(a). Because the indices on the taste matrices are contracted between bilinears, these operators preserve an
SO(4) subgroup of the full SU(4) taste symmetry. The four remaining four fermion operators have spin and taste
indices contracted together:

LEE ) O [Ty = Vo] + [Ty < Ayl + [V < Tl + [Ay < T, 4

3 In the standard staggered convention, the spin matrices, vg, are Euclidean gamma matrices, while the taste matrices, &7, are complex-
conjugated Euclidean gamma matrices.



4

[The precise meaning of this notation can be seen from the example in (BI9).] They are therefore only invariant under
certain combined spin and taste rotations, and break the full spin-taste symmetry down to the discrete subgroup
respected by the lattice theory, 'y >[$W, [30]. In other words, these “FF(B)” operators break the continuum
symmetry maximally.

One advantage of this basis is that the U(1)a symmetry of the lattice theory (which is exact in the chiral limit) is
manifest. Under this symmetry

Q — exp(ialys L&D Q, Q —- Q exp(ialys L&), ®)

and each of the operators in @) and @) is separately invariant. Another advantage is that there are fewer operators
to consider; Ref. [12] had an additional six FF (A) and two FF (B) operators.

Thus far we have only considered the single flavor theory. We now recall the generalization to n > 1 flavors [13].
ark field picks up a flavor index, Q — Qj, and bilinear operators generalize straightforwardly, e.g. mQQ -
.m;Q;Qi. The generalization of the four-fermion operators is more subtle. Since these operators are the result
of hard gluon exchange, and gluons do not change flavor, they can be written in a form containing flavor diagonal
bilinears, i.e.

L_ 1 _
_ Qi(ys CEN)QiQ;(ys CEAQ;j - (6)

ij

Of course we could Fierz transform such an operator to bring it into a “flavor-mixed” form, but it is advantageous
not to do so. This is because, in the unmixed basis (@), each bilinear must have odd distance in order to be invariant
under the lattice axial symmetry, as discussed in the following paragraph. Thus the spin-taste structure of the FF (A)
and FF(B) four-fermion operators remains as in @) and @), respectively, but the flavor structure is now given by
@). As for the single flavor case, there are two possible color contractions of each operator, but we do not show these
explicitly as they play no role when we map the operators into the chiral Lagrangian.

We emphasize that the result that only odd-distance bilinears appear in the flavor unmixed basis follows from
symmetries alone. The discussion of gluon exchanges is given only to provide motivation for considering the flavor
unmixed basis, but is not strictly necessary. Since the four-fermion operators remain in the chiral limit, they must be
invariant under the symmetries of the lattice theory in that limit. These include U(n) axial transformations, which
act as in (@), except that a is now an Hermitian n < n flavor matrix, and Q a flavor vector.* In the lattice theory, this
corresponds to rotating even and odd sites by opposite U(n) transformations. It is easy to check that the operators
in @) and @) are invariant under U(n) transformations if they are composed of flavor diagonal bilinears. On the
other hand, compound operators with spin-taste structure such as [S x S] — [P x P] are not invariant for more than
one flavor. We stress that it is not su [cieht to consider only U(1)" transformations (in which each flavor is rotated
independently), since this does not rule out compound operators of the form

L1 _ _ _ O
Qi(yr E=EDQiQ;(yr CEDNQi — Qi(ys LEs)QiQ;i(ys LEDQi . O]

i
These are only ruled out by their lack of invariance under general U (n) transformations.

Finally, we comment briefly on operators of yet higher dimension. Since we aim to determine operators in SXPT
proportional to a*, one might have thought that we need to enumerate all dimension 8 operators in the continuum
e [edtive theory (dimension 7 operators are forbidden by the axial symmetry). Fortunately this is not the case.
The naive argument for this is that the dimension 6 operators break the continuum symmetries down to the lattice
subgroup, and so dimension 8 operators break no further symmetries. Since it is the symmetries that are used to map
to the chiral Lagrangian, the dimension 8 operators are not needed. This argument is, however, incomplete. What
matters in addition is the number of taste matrices with correlated indices in the quark-level operators. If there are
more such taste matrices, then one can build di[erent operators in the chiral Lagrangian. We explain this point in
Appendix A& where in Section [&3 we show that certain operators in the chiral Lagrangian do not arise until O(a®),
since they require four tensor taste matrices with fully correlated indices, and this does not occur unless one has an
eight-quark operator. Now, the dimension 6 operators have at most two taste matrices, as exemplified by [A < T] in
@). Moving to dimension 8 adds further derivatives or gluon fields, but no further bilinears, and thus no more taste
matrices. For this reason we do not need to enumerate the dimension 8 operators.

4 These transformations do not form a group for n > 1, but this is not important for our considerations.



I11. CHIRAL LAGRANGIAN FOR STAGGERED QUARKS AT LEADING ORDER

In this section we review the mapping of the continuum quark e [edtive Lagrangian into the e[edtive chiral La-
grangian, working at leading order in our joint our expansion about the chiral and continuum limits. This was done
for a single staggered flavor in Ref. [12], and generalized to multiple flavors in Refs. [13, 31].

If there are n flavors of staggered fermions, then, in the combined chiral-continuum limit, the theory possesses an
SU(4n). x SU(4n)r chiral symmetry. We assume that, as in QCD, this breaks spontaneously down to SU (4n)y .
This symmetry breaking pattern leads to 16n? — 1 pseudo-Goldstone bosons. We can collect these in the usual way
into an SU (4n) matrix:

> =exp(io/fT), 8)
where @ is a traceless 4n %< 4n matrix:
1 1
U T[+ K+ e
D KO ...
=K K0 s ©)
with 4 x 4 submatrices:
/1
U= UaTa, (10)
a=1

and so forth. The pion decay constant, f, is normalized such that f; = 132 MeV. We choose to express the SU(4)
generators in the following Hermitian basis:

Ta = {&, iEp5- iEpvu Epu &}, (11)

where &, is just the 4 x 4 identity matrix. It is important to retain the taste singlet meson, U, [Id(U), because
with n flavors (and thus 4n tastes), only the overall SU (4n) singlet decouples. Under an SU (4n)_ < SU (4n)R chiral
symmetry transformation, > transforms as

> . L=R', (12)

where L [SU(4n). and R [SU (4n)gR.
We use the following power-counting scheme when determining the staggered chiral Lagrangian:

p2//\2QCD = m//\QCD = a2/\2QCD y (13)

which is consistent with parameters of current simulations. The lowest order Lagrangian, which is of O(p?, m, a?), is

2
Ly = %Tr(auza“zT) — %ungr(MZ + Mz +a%v, (14)
where M is the quark mass matrix:
1 1
myl O o .-
g myl 0 :
M=[4 0 md (15)

5 We do not need to worry about a possible change in the dynamics for large numbers of flavors, e.g. the loss of asymptotic freedom,
because practical applications always involve three or less light dynamical flavors, for the which the chiral symmetry breaking pattern
of QCD should apply. The reduction from 4n quarks to 2-3 sea quarks is accomplished by partial quenching, as explained at the end of
this section. The theoretical status of symmetry breaking in partially quenched theories has been discussed in Ref. [32].



and V is the taste-breaking potential resulting from the four-fermion operators in the quark e[edtive action. Note
that Tr is a full 4n % 4n trace in both flavor and taste space. The dimensionful constant, p, is of O(Agcp), and is
defined such that the PGB mass is given at LO by

O, O

m; + mj
m =2u—— +a

r Lo = 5 Ne . (16)
The labels i and j indicate the flavors of quarks in the PGB, here assumed to be dilerknt, while the splitting, Ag,
depends on the taste.

The mapping of the four-fermion operators enumerated in the previous section into the mesonic operators in V is
done by treating the taste matrices as spurions. Having worked out the implications of the symmetry under axial U (n)
transformations at the quark level, no further subtleties arise in the mapping. The method of Ref. |12], generalized
to multiple flavors [13], can be used. A key result is that only the FF (A) operators, i.e. those in @), contribute to
V, so the potential has a larger symmetry than the underlying lattice theory. We give a brief recapitulation of the
determination of the form of V at the end of Secs.[AZa and as a byproduct of our extension of the methodology
to NLO. In the notation of Ref. [13], the result is

V=U+UH @an
where
1 ()
—U= GOk = CTrEMsglMsh
k
1
+c3% [TrEM=g™Ws) + h.cl]
Vv
+C 1 T (n)z (n)z +h
15 [Tr€y5 &, %) + h.c]
1
+Ce  Tr(E=E=" (18)
H<v
and
1 1
—-U=  CuOop = sz% [TrEMD)TrEM™ME) + h.c]
k’ V)

11—, (n)
+C2AZ [Tr(z\)f) Z)Tr(‘it’)\) Z) + hC]
A\

L1
+Coy  ITHED)TrE ")

1 =) (M) 5t
+Coaz  [Tr(&s 2)Tr(&y 21, (19
\Y
Here E@ is the 4n x 4n generalization of the taste-matrix:

1
& 0 0
ol& 0 -

&M = =g o & - (20)

with & the ordinary 4 x 4 taste matrix. This flavor diagonal form mirrors that of the underlying quark operators,
®.

The potential is both rotationally and SO(4) taste symmetric. Therefore the PGB sector respects a larger symmetry
than the lattice theory at O(a2). Although the 16 PGB masses (for a given choice of constituent quark flavors) are
no longer degenerate as in the continuum, they split into five degenerate groups according to SO(4) representations
having tastes &, &a, &1,&v, and &;. The taste & PGB is the lattice Goldstone boson and receives no mass correction
from V because of the exact axial symmetry. Thus Ag in (&) in fact only depends on the SO(4) representation of
the particular taste.



The potential can be simplified for a single flavor using Fierz transformations. In particular, all double-trace
operators can be transformed into operators with only single traces. This single trace basis is that used in Ref. [12].
Such transformations, however, are not useful for multiple flavors because they do not maintain the flavor diagonal

form of E%”). Indeed, as realized in Ref. [13], the double trace operators of U™give rise to a previously unnoticed e [edt,
namely the presence of hairpin diagrams (quark disconnected contractions) for flavor singlet mesons with non-trivial
taste. In the LO potential, these occur only for vector and axial tastes, but, as we show below, at NLO they arise for
all tastes.

Given the importance of the axial U(n) transformations in restricting the form of the underlying quark operators,
as explained in the previous section, it is worthwhile discussing these transformations at the mesonic level. They
are simply SU (4n)a transformations, acting on X as in (), with L = R" = exp(ia [Zz). Here, as in the previous
section, a is an Hermitian n < n matrix acting in flavor space, while &; acts in taste space. Using the commutation
relations among the taste matrices it is easy to show that

LEML = &, LEPL=§7
LEPLT = &Y, LEL =& (21)

It then follows immediately that all the operators in the potential V are invariant under these transformations.

We conclude by generalizing the results to partially quenched (PQ) theories, since partial quenching is often used
in practical simulations. Following Ref. [33], one introduces valence quark flavors with ghost partners, each coming
here in four tastes. There are then N = 4ny,; + 4ng., quarks and M = 4n,,, ghosts in total, where n,, and ny., are
the number of valence and sea flavors, respectively. Note that the unquenched sea-quark sector lies within the PQ
theory, so one loses no generality by considering the larger theory [34].

As noted in Ref. [13], the form of the chiral Lagrangian in the PQ theory is unchanged, except that the chiral
symmetry group becomes SU(N|M)_ x SU(N|M)g, traces are replaced by supertraces, and the PGB matrix is
enlarged. For example, in a theory with two valence quarks (x and y) and three sea quarks (u, d and s), the PGB
and mass matrices become (schematically)

1 1 1
Uu nt Kt o ... 0 myl O
o= 1 : nm D KO ... ... M = : 0 mgl 0 - - 22)
KT KOS o : : 0 mgl O
S Y 1p+l : : 0 mel 0
A=l : : : : : 0 myl

where each block is a 4 x 4 taste matrix. The taste matrices E#”) are also enlarged to size (N +M)2, but they maintain
their flavor diagonal form, 0). In fact, for the sake of brevity we drop the superscript (n) in the remaining sections.
Finally, for practical calculations in SxPT, it may be simplest to enlarge > to be a U(N|M) matrix, and then remove
the singlet component by adding a mass term to Ly proportional to m3Str(®)?, where m, is sent to infinity at the
end [32].

IV. CHIRAL LAGRANGIAN FOR STAGGERED QUARKS AT NLO

We have extended the construction reviewed in the previous two sections to NLO. At this order, the new operators
introduced by discretization are proportional to a%p?, a’m and a*. We explain in detail how we enumerate these
operators in Appendix A This requires combining appropriate numbers of taste spurions, mass spurions and Lie
derivatives into independent operators that are invariant under the chiral group, forming parity invariant combinations,
and reducing them to a minimal set using the equations of motion. We use the graded group theory method of Ref. [3€]
to determine the number of linearly-independent operators. We include sources for left- and right-handed currents and
scalar and pseudoscalar densities, so that we can calculate matrix elements of these operators. This leads to additional
operators of O(a2p?) that are proportional to the sources, and thus contribute only to PGB decay constants. We
refer to these as “source” operators. We collect all of the NLO taste-violating operators in the tables of Appendix



In this section we focus on the pattern of symmetry-breaking exhibited by these NLO operators. Unlike the LO

staggered potential, they come from four-fermion operators in both ng“\) and SgF(B). Thus they break the SO(4)-
taste symmetry down to the lattice symmetry group. In order to understand the symmetries and symmetry-breaking,
we examine the consequences of these operators for physical observables. We discuss the symmetries respected by
these quantities order-by-order in the combined chiral-continuum expansion. It is useful to keep in mind the general
form of this expansion, illustrated by the NLO PGB mass:

1,0 1,00 0,0 ., 0 o, .,

2
My wro = m2 o+ dm2 1—toop T omy .+ dm2 + dm?

T a2m g (23)

The subscripts indicate the order, in SXPT, of the terms which contribute to the physical quantity, with m indicating
both m and p2. We use a similar notation for the axial and pseudoscalar decay constants, fA and fP .6
The LO pion mass is given in ([[H), while the LO decay constants are

1, ]
7 =1, %Lozuf. (24)

The results of the previous section imply that the LO contributions to these quantities respect the SO(4) taste
symmetry, since the potential V does. This has already been discussed for the PGB mass, but also holds for the decay
constants. In fact, the LO decay constants are SU(4) symmetric, since V does not contribute to either one. The
staggered potential also generates interesting predictions for the dilerknce between the properties of flavor singlet
and non-singlet particles. This dilerence is predicted to vanish for decay constants of all tastes, and for the masses
of taste & and &, pions (since there are only vector and axial hairpins).” One of our aims is to determine at what
order these predictions fail.
The form of the 1-loop contributions is

2 e a2 e (25)
m n m
Apﬁ""’p 0, T 2|:| o
6f 1—1oop —1Im2 Lo ta In m2 Lo - (26)

These involve only LO vertices, and thus do not break the SO(4) taste symmetry. They do, however, break the SU (4)

symmetry of decay constants down to SO(4). Note that, unlike in continuum XPT, the coe Lciehts of the logarithms

are not proportional to the LO mass—there are additional a? terms from the hairpin vertices and four-pion vertices

produced by V. The exception is in the lattice Goldstone mass, which is protected by the U(1)a symmetry. The

one-loop contributions to the lattice Goldstone mass and axial decay constant have been calculated in Ref. [13, [19].
Now we turn to the analytic NLO contributions. The generic form of these contributions are as follows:

1,0 g 1,0
dm; , [CmF, my ., Caim, dm; _, [&d, 27
Cl,pCd C1ap ]
SFAP -, [Cml, AP, Al (28)
01,0 01,0 C1,, 0
A, Cmf +mp® +p?, AT, [&@im+a’p?, A, &l (29)

Here we begin to include the 4-pion scattering amplitude, A%™, as it is the simplest quantity showing the most general
pattern of contributions from the NLO operators. In these expressions we use a schematic notation, leaving out
factors of Aqcp, but distinguishing between mass and momentum-dependent terms. Note that there is no O(a?)
contribution to ¥AP because such terms in the chiral Lagrangian contain no sources. In order to determine whether
there are relationships between splittings, one needs to know which types of operators from Appendix [Bl contribute
to which of the corrections in @ZHZ9). This information is collected in Table [l for single supertrace operators, and in
Table [ for double supertrace operators. The former are the only contributions to the masses and decay constants of

6 We use “axial decay constant” to refer to the the standard decay constant, which comes from the vacuum-to-pion matrix element of

the axial current, EI]AM|7TEI:EP. In a slight abuse of terminology, “pseudoscalar decay constant” refers to the decay constant from the
corresponding matrix element of the pseudoscalar density, [Q]P|x

7 We are phrasing this discussion as if the hairpin vertices iterate to give only a mass shift for flavor singlets. As is well known, however,
this jg not generally true in PQ theories because valence quark loops are absent, and there are factors of 1/4 added by hand due to
the “ Det trick. There will generally be additional, unphysical double poles in correlators [34]. Nevertheless, one can always determine
the size of the hairpin vertices by measuring the residue of the double pole and comparing to the prediction of PQ SxPT, as discussed
below.
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Operator Table  SO(4) ? Tmfr jm Tmfr a W"‘ jm E‘P tzlm A Tzlm »

a’p? (FF(A)) XVIXVIT Y Y N Y Y Y
a’m (FF(A)) XVIIXVIT Y Y N N Y Y

Y (FF(A) & FF(B)) EXIXX1 Y N Y N N Y
a® source (FF(A)) X1V Y N N Y N N
a’*p® (FF(B)) XIXI N Y N Y Y Y
a® source (FF(B)) XXV N N N Y N N
a* (FF(B)) XXTT1 N N N N N Y

TABLE I: Contributions of single supertrace NLO SxPT operators to physical quantities. The column labeled “SO(4)?”
indicates whether the contributions are consistent with SO(4) taste symmetry. The last five columns indicate which quantities
receive contributions from the particular operators. For further explanation see text.

Operator Table SO(4)? om2 ; Sm2 ; Nz ; ST L
a’*p® (FF(A)) XVIIXVIT Y Y N Y Y
a’m (FF(A)) KVIXVI Y &) only N N €.(5) only
a* (FF(A) & FF(B)) KXIKXIITI Y N Y N N
a’ source (F'F(A)) XXV Y N N (5 only N
a’p® (FF(B)) XIXI N Y N Y Y
a’ source (FF(B)) ey N N N &u(5) only N

TABLE II: Contributions of NLO SxPT operators with two supertraces to PGB masses and decay constants. Notation as in
Tablelll &, indicates both vector and axial taste.

flavor non-singlet mesons, while the latter gives the additional hairpin contributions for flavor singlets. The distinction
between single and double supertraces is less significant for the scattering amplitude, so we only include it in the first
table.

As indicated in the tables, there is an important distinction between the contributions from underlying FF (A) and
FF(B) four fermion operators: the former cannot break the taste SO(4) symmetry, while the latter can. These two
types of operator di[er primarily in their index structure. Those resulting from FF (A) operators must have indices
contracted in pairs, while those from FF (B) operators must contain more than two identical indices. This can be
seen by comparing the O(a?p?) FF (A) operators in Tables [XVII] and [XVITIl to the corresponding F F (B) operators in
Table [XIX], or the O(a*) FF (A) operators in Tables XXHXXTIl to the corresponding FF (B) operators in Table XXITIl
Note, however, that the there are no O(a?m) contributions from FF(B) operators because there are not enough
indices to contract more than two at a time. Thus O(a?m) operators do not break taste SO(4).

An interesting feature of the pattern of SO(4) breaking is that the O(a*) mesonic operators resulting from double
insertions of underlying F F (B) operators (which are listed in Table XXIII)) do not break the SO(4) symmetry of pion
masses, despite the fact that they break SO(4) in general. This is because, when calculating tree-level masses from
operators such as

Str(§w 28,28, 21,2, (30)
M vEpu

two of the four >’s in each operator must be replaced by the identity, so the taste matrices collapse into a form which
is SO(4) symmetric. In contrast, one contribution to the four-pion scattering amplitude replaces each > with a pion
field, giving an SO(4) breaking contribution to A*™. Other contributions do not, however, break SO(4). This is
why, in Table[ll operators of type “a* FF(B)” are listed as both conserving and breaking SO(4), and why the latter
contributes only to A%T.

This distinction between two- and four-pion contributions does not arise for the SO(4) breaking O(a?p?) operators.
These violate SO(4) by correlating indices on derivatives and taste matrices, e.g.

[ — |
Str(=D,="§,='Du28,), (31)



10

where Dy, is the covariant derivative. They produce direction-dependent contributions to masses and decay constants,
as well as to scattering amplitudes.

As is shown in the tables, the O(a?m) operators contribute both to pion masses and to fP (since M and M
are sources for P), but not to ¥4 (since they contain no derivatives). In particular, each a?m contribution to PGB
prepejties comes with two independent mass dependencies, mx + my (where x and y are the valence flavors) and

Msea, The only exception is the massef-thg taste & pion, which is guaranteed to vanish when my +my - 0 by the
axial symmetry, and indeed has no a> mg., contributions. Similarly, it is easy to see that it has no contributions
proportional to a*. Another feature indicated in the tables is that the “a® source” operators contribute only to fA.

Finally, we compare the entries in the single and double supertrace operator tables, keeping in mind that the double
supertrace operators are responsible for splittings between flavor singlet and non-singlet PGB properties. The entries
are almost identical. The only di [erknce is that some of the “Y” entries in the latter are replaced by “&, ) only”. This
is because the a?m and a2 source two supertrace terms only contain vector and axial tastes. (Recall that the same
is true of the LO two supertrace operators in UY) In contrast, operators of O(a’p?) and O(a*) with two supertraces
contain all possible taste matrices.

We now summarize the consequences of the previous observations, with the goal in mind to generate predictions
of SXPT which can be tested on the lattice. We focus on the masses and decay constants, as these quantities are
straightforward to calculate in simulations.

1. The SU(4) symmetry in the LO decay constants of flavor non-singlet PGBs is broken down to SO(4) by the
NLO terms resulting from FF (A) operators.® There is no relation between the SU (4) — SO(4) breaking in A
and TP, since the a®p? and a?m operators contribute di[erkently to these two decay constants. Furthermore,
1-loop contributions to m2, A and " will give independent contributions to the splittings. Thus there are no
predictions between splittings at this stage.

2. The breaking of SO(4) down to 'y =[3W, occurs first in the NLO analytic terms, and not in the 1-loop terms.
It arises only from two types of operator—aZp? and “a? source”. In particular, since both m; and P only
receive SO(4)-breaking contributions from O(a?p?) operators, there are relations between the splittings within
SO(4) multiplets. The “a? source” operators break all such relations among splittings in f4. There are also
predictions for the rotational symmetry breaking in the dispersion relations. These results hold separately for
flavor singlet and non-singlet pions.

3. The absence of taste &; and &, hairpins at LO does not hold at NLO, where there are hairpin vertices for all
tastes. We note that the presence of a hairpin vertex for taste &; is consistent with its Goldstone nature since
the vertex is proportional to p?, and thus m2 at the pole.

4. The hairpin contributions to ¥4 and " are related to each other for tastes P and T, since there are no two
supertrace operators with sources for either the pseudoscalar density or the axial current. This is true for both
the SO(4)-conserving and the SO(4)-violating contributions.

We discuss the various relations and predictions in detail in the following section. Here we stress that none of these
relations follows from a symmetry of the lattice theory—indeed, we have checked that all of them are broken by higher
dimension operators in SXPT.

V. NLO RELATIONS FOR PGB MASSES AND DECAY CONSTANTS

In this section we work out the detailed form of the relations which follow from the particular form of the NLO
analytic terms.

We first study SO(4)-taste and rotational symmetry breaking in the pion dispersion relations. This arises from the
a?p? FF(B) operators, which are listed in Table [XIXI Of the 18 such operators, only 8 contribute to SO(4) breaking
in single pion properties. The others, such as

Str(0, 20, =& Z&) + p.c., (32)
K VEl

8 We have checked that there are sufficient independent operators to completely break the symmetry down to SU(4) in this and all other
similar cases that we mention.
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(with p.c. indicating parity conjugate) give either vanishing, or taste symmetric, contributions to two pion properties,
because the two pions must be drawn from the fields with derivatives acting on them. The contribution of the SO(4)
breaking operators to the chiral Lagrangian is

, 1 ; N N
H_VER
O O
+Cyo Str(39,, 378,20, >"&,) + p.c. +Cy3 Str(Z9,3'€,,)Str(Z0,="&,,.) + p.c.

" 1
+Cyv Str(8,="8,)Str(0u=&,) + CaiaStr(0,"&,5)Str(0,=8&,) - (33)

The eight operators reduce to six for two pion contributions, three single supertrace and three double supertrace
operators:

a2
E [(C2 - 2C10)Str(auq}zwap¢zvu) + (C7 - 2C13)Str(auqJEpv)Str(auqJEpv)]
KL VEN
+Csev Str(0y®E,0,,PE,,) + Ca1v Str(0yPEL)Str(0,PE,)
1
+C36A Str(6p¢Eu56H¢E5p) + Cyia Str(6H¢Ep5)Str(6u¢E5p) . (34)

We consider first the e [edt of these operators on the properties of flavor non-singlet mesons, and in particular those
composed of a quark of flavor a and an antiquark of a di[erent flavor b, where these flavors can be either valence or
sea quarks. Examples are kaons and charged pions, both unquenched and partially quenched.® For these particles
only the single supertrace operators contribute, and we find the following results for their dispersion relations:

EY = pA+mi(l+38), (35)
EZ = i+ mi(L+35), (36)
Ex = (0f +p;) + pr(l + 8k — 84) + M7 (1 + ), 37
Ef = BAL+08, —8) +mi(1+38y), (38)
Eis = (P + ;) + pi(L + dks — 8as) + (1 + Oks) , (39)
Els = L+ 845 — dks) + Mo (1 +345) (40)
Eim = (0F + Pr)(L + 8im — 8ka) + P + My (1 +8im), (41)
Eis = (OF + Pi)(L + 8ka — dim) + Pig + My (1 + Bka) . (42)

Here Eg is the energy of the taste F PGB determined from the exponential fall-o [af the two-point function along
the Euclidean time direction. The quantities mg are the masses including all NLO contributions except that from
the SO(4) breaking operators in (34). They are thus labeled by indices of the SO(4) irreps: I, 5, 4, u5 and pv.
The additional contributions from the SO(4) breaking operators are denoted 8. Here the labels, like those on the
energies, are those of the 8 irreps of the lattice timeslice group, which distinguishes between spatial and timelike
indices [37]. This is the maximal splitting among tastes consistent with the lattice symmetry for states at zero spatial
momentum. The expressions show that, at non-zero momentum, the states fall into even smaller representations, due
to the coupling of the spin and taste transformations in the lattice symmetry group. These irreps have been discussed
in Ref. [30].
The expressions for the SO(4) breaking mass shifts (m2/m2) are

8a?
0 = —55(Csov +Csea),

05

8a?
F(C%V + Cs6a)

9 The following relations also hold for flavor neutral mesons, e.g the mo-like states with flavor structure (aa — bb), if flavors a and b are
degenerate.
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8aZ 8a*
o = _F(CQ —2Cy9) + ?(C%V —Cs6a),
242> 8a*
04 = +?(C2 —2Cy) — F(C%V — Csoa)
8a2 8a?
Oks = _F(CQ —2Cy9) — ?(C%V —Cs6a),
24a2 8a’
645 = + 2 (C2 - 2C10) + F(C:&GV - C36A);
8 2
Oim = ——5 (Caov +Cson),
8 2
Oka = FT (Csev + Csea) - (43)

There are three SO(4) breaking splittings, those between tastes &, and &;, between &45 and &;5, and between &;; and
&ks. The six independent coe [ciehts are su [cieht to give independent contributions to each of these splittings. Thus
there are no relations predicted between these mass splittings.

What is predicted, however, are relations between the violation of rotation symmetry in the dispersion relations
and the SO(4)-taste breaking in the mass splittings. These can be written as

EQ—Ef _ |, Pi+Pi+ap
m —m3 (mg +m3)/2°
Ei —El _ ., Pirpi+2n
migs — mi; (Migs +mi;)/2°
2 _ g2 2 42
ri:?m - ::qlé4 = 1+ 2_(m2p| . nﬁf;_)/z : (44)
m k4 Im k4

In these relations mg is the full NLO mass. Note that the relations are trivial when [i= 0. The fact that the precise
form of the mass used in the denominator on the r.h.s. does not matter at this order allows these expressions to be
written in terms of quantitities that are directly measurable on the lattice.

Note that neither the taste singlet nor the taste Goldstone PGBs receive rotational symmetry violating contributions
to their dispersion relations at this order. Such terms are prohibited by the fact that these tastes transform trivially
under rotations. Therefore they can only feel the e [edt of rotational symmetry breaking through operators with four
or more derivatives [13],

2 I:2I2
a o,mo,m, (45)
u

which are of O(a2p*) and thus contribute only at NNLO.

Next we turn to the relations involving the decay constants, still considering only flavor non-singlet mesons. As
explained in the previous section, the SO(4) breaking operators of O(a?p?) contribute to both the masses and the
decay constants. For the pseudoscalar decay constants, as for the masses, the contribution is through wavefunc-
tion renormalization. Since the same terms contribute to both masses and decay constants, there are three simple
relationships between splittings:

Ceb —gp 11—y O

P+ 2 mﬁ+m4 :
£+fPD 2I;m|k5+m45I’:I
P _ 2
o fp — 1 Im mk4 ) (46)
fim + Ty 2 mZ +mZ,

These are likely to be the most simple predictions to test in practice. It is essential for these expressions that the
Z-factors are SO(4)-invariant, and therefore identical for both tastes in the expression. They can thus be tested using
bare lattice operators, thereby avoiding O(a?) ambiguities in matching lattice and continuum operators that could
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destroy the relationship. This is not true in general (e.g. for ¥2) but does hold for the pseudoscalar operators ys [Egl.
For example, the operators with spin-taste structure ys [Eilare related to y; [£4by a lattice rotation.

This argument shows why there can be no similar relationships involving the axial decay constants, since the Z-
factors in that case are not SO(4) invariant. For example, y45 [Eilis a “2 link” operator while y,5 [Z4lis a “4 link”
operator, so they are clearly not related by any lattice symmetries, and thus have di[erknt Z’s. In fact, it is not even
clear how to unambiguously calculate the quantities on the L.h.s. of eq. @) for f° — A, as the Z-factors are not
universal at O(a?). Thus it is reassuring that SxPT predicts no relations involving 4, because of the “a? source”
mesonic operators, which contribute SO(4) breaking contributions to A alone. The only prediction for axial decay
constants is a qualitative one: the splittings between SO(4) irreps should not be dilerknt in magnitude from those
within the irreps. In other words, there should be no pattern of approximate degeneracies, unlike for the masses which
exhibit approximate SO(4) symmetry. This expectation is consistent with the results of Ref. [16], in which A was
calculated for all tastes in the quenched approximation.

We now turn to SO(4)-breaking predictions for PGBs for which the double supertrace, or “hairpin”, operators also
contribute. These are particles which have a flavor singlet component, i.e. Tu + dd and Ss in the unquenched sector,
and xXx or yy (and their ghost companions) in the valence sector. These states are mixed by hairpin contributions,
and because, in general, they start o Cbefore mixing with di [erent masses (due to the di [erent masses of the quarks),
there age no simple predictions for the properties of the resulting mixed states. The situation is yet more complicated
if the ” Det trick is being used. In fact, for the vector and axial tastes these complications arise at LO, due to the
presence of hairpins, and have been addressed in detail in Ref. [13].

The only theories for which the flavor non-singlet predictions still hold as written are unquenched theories with
N = 1 degenerate flavors. In these theories there is a single flavor-singlet state, and thus no mixing. This state can
have any taste except &;, which is, as noted above, not a PGB. The predictions for the other fifteen tastes take exactly
the same form as those given above for the flavor non-singlets, except that there are additional contributions to the
0’s from the double supertrace operators:

32a?

6Zinglct — _Nf—2C41v ,
single 32a2
sonslet = _N f—2C41A'
single 16a2
ginglet — _N f—2(c7 —2Cy3). 0

Thus the SO(4) breaking splittings for the flavor singlets are not related to those of the non-singlets, but the form of
the predictions for dispersion relations, @), and of the relations between mass and decay constant splittings, &),
remain unchanged. -

The situation is similar if one has N degenerate flavors and uses the “ Det trick. The only complication is that the
disconnected quark contractions must be multiplied, by hand, by a factor of 1/4 before being added to the connected
quark contractions. Then the predictions of @) and @&) apply, with the &’s having the additional contributions
given in @), except that N - N/4.

For theories with non-degenerate sea quarks, such as QCD, and for PQ theories, there are no simple relations
involving masses and decay constants. Instead, we can obtain simple relations involving the hairpin vertices by
considering disconnected valence correlators. These have the flavor structure 11 ~ 22, where 1 and 2 refer to valence
flavors (X, y, ...). This picks out the desired hairpin contractions at the quark level. To cancel the LO decay constants,
and to obtain a quantity with a simple dependence on Euclidean time, we take the ratio of the disconnected correlator
to the connected (12 ~ 21) correlator. This ratio has been studied extensively in the quenched approxigpation. In
the present context, it has the attractive property that the derived relationships hold even if one uses the * Det trick.
For simplicity, we restrict ourselves to degenerate valence quarks, i.e. m; = m,.

The earlier flavor nonsinglet predictions related splittings within SO(4) irreps in masses and pseudoscalar decay con-
stants. As a natural generalization to flavor singlets, we therefore consider SO(4)-breaking in disconnected correlators
of the pseudoscalar density. For example, for tensor taste we calculate

(P11 (0)P22 (= 0, ) [e],, — i1 (0)P22 (= 0, 1) el
(P11 (0)P22 (1= 0, ) [],, '
where P indicates a pseudoscalar operator with the flavor indicated by the subscript. The taste of the operators are

shown by the subscript to the expectation value. Note that, in the denominator, any choice of tensor taste can be
used, as the dilerence between the correlators for timeslice irreps &  and &4 is subleading.

(48)
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LO NLO LO

FIG. 1: NLO contribution to the (PP) flavor-disconnected correlator. The two black squares represent insertions of the
pseudoscalar density, while the cross represents the hairpin vertex. For tensor taste, this vertex comes from both (’)(a2p2) and
O(a*) two supertrace operators, but only two of the O(a?*p®) operators lead to SO(4) breaking. The analogous diagram, with
pseudoscalar sources changed to axial currents, contributes to the (AA) flavor-disconnected correlator.

We describe the calculation of {@8) in detail, as the remaining predictions in this section all rely on some gen-
eralization of this method. At NLO, the numerator is due to one diagram, shown in Figure [, in which two LO
insertions of the flavor singlet pseudoscalar density are contracted with a NLO hairpin vertex. While the full NLO
tensor taste hairpin vertex comes from both O(a%p?) and O(a*) operators, only two operators, C; and Cy3 in @3),
produce SO(4)-breaking.!® Thus, before Fourier transformation, the numerator of @3) is

L1 L

1
2 + m2 ! (49)

H 1 ]

1 2 1
L w,
p2+mi, M p2+mi,

(P11 (0)P22(p) [e), — P11 (0)P22(p) el 16a°pp? (C7 — 2Cy3)

16a’p? (Cr — 2Cy3) (50)

The mass my, is that of the non-singlet taste tensor meson with flavor 12. In this equation it is the LO mass, which
is the same for all components of the SO(4) irrep. At NLO accuracy, it can, however, be replaced by the NLO (or
all orders) mass of any member of the irrep. In the second line we have shown explicitly the single and double-pole
contributions. In an unquenched theory, the former would give rise to a correction to the pseudoscalar decay constant,
the latter to the PGB mass. The SxPT prediction is that they have a common coe Lcieht since they result from the
same operators.

To denominator of the ratio @3) is just the LO contribution to the connected [PP [Ctorrelator. Before Fourier
transformation it is

1
(P11 (0)P22(p) ), = HQfQW . (51)
Hv
We now set i 0, Fourier transform to Euclidean time, and form the ratio, yielding:
P11 (0)P22 (= 0, ) g, — By (0)P22 (1= 0, ) [, singlet

= =5, —[1+my |t]]/2

B (P (B2 0, D15, G ma 2
= =51 —myy [t])/2, (52)

where t is Euclidean time, and &;7¢'*" is given in @) with N = 1. On the first line, the 1 on the r.h.s. is from the
single pole in the numerator, while the [1 + my, |t| ]/2 is from the double pole. We imagine that the mass my, is
first determined from the connected correlator. The prediction of SXPT is then that the constant term and the term
linear in my, [t| should have opposite coefficients. That it is possible to separate these two terms has been shown in
quenched simulations [35]. Note that for this prediction to hold one must be at large enough Euclidean times that the
PGB contributions dominate the correlators in both the numerator and denominator of the ratio, but small enough
that |6,S<Z’g1°tmwt| [_TUIf the latter condition does not hold, further terms in the iteration of the NLO hairpin must
be included. v _

As noted above, the prediction &) holds irrespective of whether the * Det trick has been used. This is because
the hairpin correlators do not, at this order, access the sea sector of the theory. The only caveat is that one must
ensure that the mass of the tensor taste valence mesons di [erk significantly from that of any of the tensor taste mesons
composed of sea quarks. If not, mixing of valence and sea sectors, although of higher than NLO, can be enhanced by
the proximity to intermediate poles.

Another feature of the flavor-singlet prediction common with those earlier is that one can use the bare lattice
pseudoscalar densities, since Z factors cancel in the ratio. One might be concerned that the Z factors in the numerator

10 Recall that O(a*) operators are SO(4)-invariant for 2-PGB properties, and only two-supertrace operators produce hairpin vertices.
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and denominator might diLer, since the calculation of the former involves additional quark disconnected diagrams
with intermediate gluons. One can show, however, that the di [erence between the Z factors vanishes in the continuum
limit. This is actually true irrespective of the spin of the bilinear and follows because the operator has non-trivial
taste. Thus the dilerknce between Z’s in the numerator and denominator is of O(a?), and does not contribute at
NLO.

We have not been able to find a prediction as simple as (&2) for the vector or axial taste PGBs. The analogous
SO(4) breaking quantity to consider for, say, vector taste is:

(B11 (0)P22 (0= 0, ) [g] — P11 (0)Po2 (= 0, ) [e)
(P11 (0)P22 (1= 0, ) [] .

Using the methods of Refs. [13, 32] one can determine the form of this ratio. The calculation is complicated by the
presence of the LO hairpin vertex, which means that there are not only terms proportional to 62‘“3"1“, but also terms
proportional to the non-singlet SO(4) breaking quantity (3, — 0x). Furthermore, the fact that the LO hairpins must
be iterated to all orders brings in the sea sector through intermediate propagators, and the momentum dependence
is quite complicated. Thus we do not give explicit expressions.

(53)

Finally, we discuss the fourth point of our summary in the previous section. We can relate the hairpin contributions
to P and fA for pseudoscalar and tensor taste because they only arise from operators of O(a?p?) and O(a*). In
particular, there are no two supertrace O(a?m) operators, which would contribute to P, or O(a?source) operators,
which would only modify fA; all NLO hairpin operators contribute to either both or neither quantity. It is a
straightforward exercise to calculate the contribution of these operators to f° and 4, and, when we do, we find a
simple relation for both tastes:

%;:l _ %?:l %Evlzl _ S)I:I
P - A ' fP A

(54

hairpin hairpin hairpin hairpin

The contributions of the NLO two supertrace operators are equal and opposite. The minus sign comes from the fact
that the O(a?p?) terms contribute to P only through wavefunction renormalization, but to ¥4 also through the axial
sources contained in the covariant derivative. Note that these relationships do involve both SO(4) conserving and
breaking NLO contributions—in this sense they are more general than those considered above.

These expressions can only be evaluated as written in unguenched theories with degenerate quarks. One needs to
determine the decay constants of flavor singlet and non-singlet PGBs, and take the diLetence—this is dfyairpin. FOr
non-degenerate sea quarks and/or PQ theories, however, this will not work. As above, one can instead isolate the
hairpin contributions using disconnected valence correlation functions. We consider the following ratios of pseudoscalar
densities and axial currents:

(P11 (0)P22 (= 0, ) [e} (A1 (A3, (=0, 1)}
[Pli2(0)P21 (= 0, )] [A1,(0)A3 (=0, 1)

The superscript on the axial currents indicates the Lorentz index, and not taste. Again we assume equal valence
quark masses, m; = ms, and that the valence PGBs have masses diLering from those of all PGBs composed of sea
quarks. In both these ratios bare operators can be used as Z factors cancel as above.

First consider taste &s. In this case O(a*) hairpin vertices are prohibited because of the lattice axial symmetry, so
that the numerators of the ratios only involve two operators:

(55)

L i1 1
a? Crp Str(Z0,>"&5)Str(Z10,,2&5) + Cy3p [Str(Z0,Z185)Str(Z0,='&5) + p.c] (56)
M

The contribution to the pseudoscalar ratio can be worked out as above. Only the diagram of Fig. [ contributes to the
numerator, and one finds at NLO

B (0)P2 (05 0, )] _ _ 162’
P12 (0)P21 (B 0, 1) (&) 2

In fact, without even relating this to the [AA[Ttatio, we have another prediction of SxPT: the constant and ms|t|
terms should have opposite signs.

For the axial current correlator, the numerator receives contributions not only from wave function renormalization
(Fig. ), but also through direct renormalization of the axial current (shown in Fig. B)). The flavor-disconnected axial

2 il
a (C7p —2Cy3p) %

(57
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n _ N
LO NLO

FIG. 2: NLO contribution to the (AA) flavor-disconnected correlator from axial current renormalization. The single black
square represents an insertion of the LO axial current, while the double box represents an insertion of the NLO axial current.
It is shown as two boxes because the hairpin vertex is in the current itself.

correlator for taste &5 is:
— 1
p _ 1
(P2 +m2)2 " (p? +mj)

(B}, (0)A% (Pl = —16a*(Crp — 2C13p )P} (58)

where the first term is from wavefunction renormalization, and the second is from axial current renormalization. If
we set i = 0, this can be simplified to:

1 1

m4
(A}, (0)A% (1= 0,ps) ] = 16a*(Crp —2Ci3p) 2— m (59)
4 5
Thus, in the axial correlator, the fact that only O(a?p?) operators contribute for taste &5 results in the absence of a
single pole term. To test this in practice one Fourier transforms and takes the ratio to the connected correlator:

A} ()AL (0.0 _ _16a?
@1, (0)AL, (= 0, )] 2

The absence of a single pole translates into the predicted (1 + ms|t]) dependence.

Now we can return to the relation between hairpin contributions to 7 and fA. This shows up in the fact that
the overall coe Lciehts in the (AP Cand [BA[tatios are the same. The prediction in (&4) becomes the result that the
constant terms have opposite signs. On the other hand, the linear terms must have the same sign as they correpond
to a mass shift which does not depend on the external operators. One way to test the prediction of opposite constant
terms is to add the two ratios:

(B, (0)P22 (= 0, 1)) | [A]; (0)A3, (= 0, 1)Le]
Bi2(0)P21 (B3 0, )] [A{, ()AL, (1= 0, 1)

The SXPT prediction at NLO is then that there is no constant term in this quantity.

Because the tensor taste PGB is not a lattice Goldstone pion, it has O(a*) hairpin vertices in addition to those of
O(a?p?). Because of this, neither of the predictions &) or @) apply—the constant and linear terms in |t| within each
individual ratio are not related. Since the O(a*) hairpins lead only to mass renormalization, one expects, however,
for the constant terms in the (AP Cand [AA[Tatios to be opposite, as for taste . This turns out to be the case.
Thus we find

2 I;Il —ms [t|
= (C7p —2Ci3p) %

(60)

Cmk |t]. (61)

(B1 (0)Po2 (0= 0, ), (AL, (0)A% (1= 0, D[,
B> (0)P21 (1= 0, g, [AL,(0)AS (B3 0,91,

The absence of a constant term in this quantity is really two independent predictions, one for taste & and another
for & m.

Since the predictions (&), @) and &) do not require SO(4) breaking, there can be and in fact are one-loop
contributions to these ratios involving LO vertices. Note that, as discussed in Ref. [32], quark disconnected correlators
receive contributions at one-loop from single supertrace vertices. We have evaluated this contributions, and find that
they are consistent with all three predictions. Thus these are full NLO predictions of SxPT.

Cml,y [t]. (62)

VI. CONCLUSION

Staggered fermion simulations are currently able to reach much lower dynamical quark masses than other fermion
discretizations. However, taste-symmetry breaking is numerically significant at current lattice spacings. Thus com-
bined chiral and continuum extrapgjations incorporating discretization errors are crucial for correct extrapolation of
physical quantities. Moreover, the “ Det trick, which must be in practice be used before taking the continuum limit,
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may or may not change the universality class of the theory. Thus it is unclear whether one is actually studying QCD.
We have addressed both of these issues in this paper.

By enumerating all of the NLO operators in the staggered chiral Lagrangian, including source terms, we allow a full
NLO calculation, including analytic terms, of PGB properties. Because SO(4)-taste symmetry breaking first enters
at this order, these operators correctly reflect the true symmetry group of the underlying lattice action. They are
therefore necessary, combined with one-loop contributions, for accurate extrapolations and precise determinations of
physical quantities.

As we noted in the Introduction, the large number of operators that appear at NLO implies that one must calculate
a correspondingly large number of physical quantities in order to obtain predictions. Thus, for most new quantities
one calculates (e.g. the decay constants of PGBs of dilerknt tastes), the NLO analytic terms simply give to an
independent contribution proportional to a?2. The most important NLO terms are then the one-loop contributions,
which lead to non-analytic dependence on the quark mass and lattice spacing.

The exceptions to this observation are quantities which are only non-vanishing because of SO(4) breaking. These
only recieve contributions from the NLO operators we have enumerated, and, in fact, from only a handful of these.
There are no loop contributions at NLO. This allows us to make a number of testable predictions relating SO(4)-
breaking splitting in PGB masses, decay constants, and dispersion relations. These predictions can be tested by
calculating only two-point correlators of unrenormalized lattice operators. For the hairpin operators we suggest a
method similar to that used successfully in quenched simulations. Thus we hope that it will be practical to carry out
these tests.

We also find a few predictions for quantities that do not involve SO(4) breaking, but reflect the structure of SxPT.
These are NLO analogues of the absence of the taste tensor hairpin at LO. We stress that these predictions, like
those above, are not consequences of lattice symmetries, and indeed are violated at NNLO or higher order in the
chiral-continuum expansion. In a similar vein, we note that not all operators in the e [edtive chiral theory which are
consistent with the lattice symmetries and power counting actually appear at a given order. One must enumerate
quark-level operators and then match these onto mesonic operators, and this leads, at NLO, to restrictions on the
contraction of indices.

In our view, the most important appligation of the predictions we have given is to test the applicability of the
e [edtive chiral theory when one uses the “ Det trick, and by so doing to test the assumption that this grick does not
modify the continuum limit. Most of our predictions are unchanged in form when one implements the * Det trick by
hand in the e [edtive theory. This is both good and bad. It is good because it makes the predictions somewhat more
theoretically robust; it is bad because one would like to calculate quantities which directly check the factors of 1/4
put in by hand. In any case, the key point is that if SXPT fails to describe {gsults from numerical simulations with
small quark masses, this would shed serious doubt on the correctness of the “ Det trick. Testing our predictions will
thus provide further empirical evidence either for or against the validity of this trick.
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APPENDIX A: DETERMINATION OF O(a?p?, a®m,a*) OPERATORS

Here we determine all operators in staggered chiral perturbation theory which are NLO in our power counting and
arise from discretization errors. We do not discuss the remaining NLO operators, which are of O(p*, p?m, m?), since
they are unchanged from continuum chiral perturbation theory.

We first discuss the chiral operators of O(a2p?,a2m). These arise from a single insertion of the quark-level O(a?)
operators. Then we turn to the O(a*) chiral operators, which require either two insertions of quark-level O(a?)
operators, or a single insertion of an O(a*) operator. We close this subsection with a brief note on operators which
do not arise until higher than NLO in our expansion. Finally, we consider the O(a?p?) operators involving covariant
derivatives acting on taste spurions, which lead to additional contributions to the vector and axial currents.

1. Single insertion of gluonic operators and fermion bilinears

Most of the dimension six gluonic operators and fermion bilinears do not break continuum symmetries, and can
only generate corrections proportional to terms in the continuum chiral Lagrangian. Thus at NLO they only give rise
to the two operators in the LO chiral Lagrangian,

Str(0,=0,=") and Str(M'= +Mx"), (A1)

multiplied by independent coe Lciehts of size a%. In other words, they generate independent O(a?) corrections to
the parameters f and y. As we will see, many additional contributions to the two operators in (&) arise from the
four-fermion operators discussed in the following sections. However, these, too, can simply be absorbed into the
unknown coe Lciehts multiplying each operator.

Here we use mass spurions which transform in the same manner as the > field under a chiral symmetry transfor-
mation:

M - LMR", M'" . RMTL'. (A2)

These spurions also function as sources for the scalar and pseudoscalar densities, with M = s+ip, and s and p general
Hermitian fields. In the absence of external fields we sets — M and p - 0.
The remaining two gluonic and bilinear operators violate Euclidean rotation symmetry,
1 1
Tr (DuFuwDuFw), Q(yn [DD}Q, (A3)
M M

although they are taste symmetric. They can give rise to rotationally non-invariant mesonic operators, but this
requires four derivatives [17], e.g.

[ I—
Str(0p=0,="0,Za,="). (A4)
u

These operators are of O(a?p?), and thus NNLO, which is one higher order than we consider here.

2. Single insertions of operators from S(fF(A)

It is important to remember that the four fermion operators in ngW are invariant under rotations and SO(4)
taste transformations, so they must map onto mesonic operators that also respect these symmetries. For discussion
purposes, we divide them according to how they transform under SU (4N |4M),_ < SU (4N |4M)g chiral rotations.

a. Operators with spin structure V' or A

Here we consider mesonic operators arising from single insertions of four-fermion operators of the form [V x F] and
[A < F], where F =S, P, T indicates the taste of the bilinears. The chiral structure of these operators is

C 1 _ o]
O =+ Qr(Yu CER)Qr £QL(Yy CEI)QL (A5)
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FIG. 3: The product of two bifundamentals in SU(4N|[4M). The result also applies for SU(N) for N > 3 (with the dashed
lines removed).

[( v1) < (F+ 1)]

FIG. 4: The symmetric product of two bifundamentals in SU(4N|4M). The result also applies to SU(N) for N > 3 (with the
dashed lines removed).

- (- s )+ (D )+t

Symm.

where and the upper and lower signs correspond to spins V and A, respectively, and Fr  are Hermitian taste
matrices. To determine the corresponding mesonic operators, we promote the taste matrices to spurion fields, with
transformations chosen so that Og is invariant under chiral transformations:

FL - LF.L", Fr - RFRR'. (A6)

At the end we will set F. = Fgr = F, where F is the specific taste matrix appearing in the operator.

We first construct the resulting O(a?p?) operators. These must be chiral singlets, respect parity (F. -~ Fr and
> 1), be quadratic in F (odd powers of F are forbidden by the F — —F symmetry and quartic terms are higher
order in a), and contain two derivatives. SgF(A) is rotationally invariant, so the indices of the derivatives must be
contracted with each other, and cannot be correlated with any of the indices associated with the taste matrices. It is
easiest to construct linearly-independent, chiral singlet operators using elements with the same chiral transformation

properties. We use left-handed building blocks, the choices for which are:

FL - L(F)LT
SFrRET o L(EFRENL!
50,27 - L(Za,=NL'. (A7)

We can now use the graded group theory method of Ref. |3€] to determine the number of linearly independent
O(a?p?) operators in a general SU (4N |4M) partially quenched theory. Because all of the operators in (&Z) transform
as bifundamentals under the left-handed chiral group they all potentially have both adjoint and singlet components.
An operator with two taste spurions therefore comes from the product of an adjoint plus singlet times an adjoint plus
singlet, as shown in Fig. B using the graded Young tableaux notation of Refs. [3€, 39]. If the two taste spurions are
identical (both Fi or FrX"), it will only come from the symmetric part of this product, shown in Fig. @ The left-
handed Lie derivative has vanishing supertrace, however, and therefore no singlet component. An operator with two
Lie derivatives, which necessarily have their indices contracted and are therefore identical, comes from the symmetric
product of two adjoints, shown in Fig. Thus the number of linearly-independent operators is equivalent to the
number of singlet representations contained in the product of Fig. B, which comes from the Lie derivatives, and either
Fig. B or @ which comes from the taste spurions.

Consider first operators composed of two Lie Derivatives, one F._, and one SFgr=". This requires counting singlets
in the product of the representations in Figs. B and B Since all of the representations in Fig. [ are self-conjugate,
each can form a singlet with the identical representation in Fig. Bl This leads to eight linearly-independent operators.
We choose the operator basis shown in Table [T, in which operators have been simplified using the anti-Hermiticity
of the Lie derivative and =1 = 1. Each listed operator has the same coefficient with the same sign for both V and
A spins because the overall sign and the cross-term sign in (&5) cancel. Since group theory only considers chiral

~

(m~mm) = e + B o+ mm o+

Symm.

FIG. 5: The symmetric product of two adjoints in SU(4N|4M). The undotted boxes are fundamental representations and
the dotted boxes are anti-fundamental representations. The result also applies to SU(N) for N > 3 (with the dashed lines
removed).
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Operator Keep?
1. Str(8,270, X% FL X FR) Yes — combined with 3
2. Str(8,%" Fro, X FR) Yes
3. Str(8,20, 21N FrYTFL) Yes — combined with 1
4. Str(9,%0, 31 Fr)Str(Fr) No
5. Str(9, 219, X Fr)Str(F1) No
6. Str(9,%70,%)Str(FLLFrYT) Yes
7. Str(X8, 2T Fr)Str(210, X Fr) Yes
8. Str(8,%19,%)Str(FL)Str(Fr) No

TABLE III: The eight linearly-independent O(a2p2) operators with two derivatives and two different taste spurions. Note that
two of them must be combined and some can be neglected because of other considerations, as discussed in the text.

Operator Keep?
9. +Str(9,20, % FrFr) + Str(9, 210, X Fr Fr) No
10. £Str(20, 2T Fr28, 2 Fr) + Str(210, X Fr¥T0, 2 FR) Yes
11. £Str(9, 219, X)Str(Fr Fr) + Str(8,%19,%)Str(FrFr) No
12. +Str(8,%0, X1 Fr)Str(Fr) + Str(8,%10,%Fr)Str(Fr) No
13. £Str(20, 21 F1)Str(20, X1 Fr) + Str(279, X Fr)Str(X70,5Fr)  Yes
14. +Str(8,%10,%)Str(Fr)Str(Fr) + Str(9,%19,X)Str(Fr)Str(Fr) No

TABLE IV: The six linearly-independent O(a2p2) operators with two derivatives and two identical taste spurions. The upper
signs correspond to spin V', while the lower signs correspond to spin A. Some operators can be neglected because of other
considerations, as discussed in the text.

transformation properties, we must impose other symmetries by hand. The operators 1 & 3 and 4 & 5 transform into
each other under parity, so we include their sums, each with a single undetermined coe [cieht, in the staggered chiral
Lagrangian. Operators 4, 5, and 8 are all proportional to Str(F), so they vanish unless F = ;. When this is the case,
however, they are proportional to the LO kinetic term, which we have already included in the previous sub-section.

Similarly, six linearly-independent operators can be made out of two Lie Derivatives and two F_’s or Fr’s. These
are shown in Table [M Here the minus signs in (&) do not cancel, and the coe Lciehts of operators with V and A
spins have the same magnitude, but opposite sign. Operator 12 vanishes unless F = &;, and then is proportional to
the LO Kinetic term, as are operators 9, 11, and 14 for all tastes, so we can neglect them. After combining both lists,
we are left with six new linearly independent O(a2p?) operators.

We note in passing that the fourteen operators in Tables [Ill and M are those obtained simply by building operators
out of the appropriate elements and using the cyclicity of the supertrace. There are no relationships between these
operators in the PQ theory, unlike for chiral SU(2) and SU(3) theories. Typically, such relationships are found
using Cayley-Hamilton relations, as in Refs. [40] and [41]. There is, however, no graded analog of Cayley-Hamilton
relations, since the superdeterminant is not a finite polynomial [39].

To obtain the actual operators in the chiral Lagrangian we set F|. = Fr = F, a specific taste matrix, here S, P or T.
Since rotational and SO(4) taste symmetry are unbroken, the indices on the derivatives must be contracted together,
as must those on the taste matrices. With these rules, it is easy to see that the specific O(a?p?) operators in the SxL
generated by operators in SFF () with spins V and A are those shown in Table [X¥IIl We have dropped the = signs
at this stage because we do not know the relative size of the coe [ciehts of the underlying four-fermion operators with
spins V and A, and therefore cannot make use of the fact that their mappings into the chiral Lagrangian are related.
We have also dropped the operators resulting from taste S, since they are either of the same form as the LO chiral
Lagrangian, or vanish because Str(ZapZT) =0.

We determine the O(a2m) operators using the same methodology. We use the mass spurions introduced above,
which lead to two new left-handed objects:

Mzt o LMETLT, sMT o LZMTLT, (A8)

Like the taste spurions, these objects are also bifundamentals under the left-handed chiral group. Operators of order
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Operator Keep?
15. Str(FrXFrMT) Yes — combined with 22
16. Str(FLXMTXFRrYT) Yes — combined with 21
17. Str(FLXFrY")Str(XMT) Yes — combined with 23
18. Str(FLXM1)Str(Fr) No
19. Str(Fr)Str(FrRM'Y) No
20. Str(Fr)Str(Fg)Str(XMT) No
21. Str(FrYTMYTFLY) Yes — combined with 16
22. Str(FrXTFr M) Yes — combined with 15
23. Str(Fr X FrENStr(ME!) Yes — combined with 17
24. Str(FrMY")Str(Fr) No
25. Str(Fr)Str(Fr%T M) No
26. Str(Fr)Str(Fr)Str(MXT) No

TABLE V: The twelve linearly-independent O(an) operators one mass spurion and two different taste spurions. Many can
be neglected, and the rest must be combined because of symmetry considerations.

Operator Keep?
27. +Str(FLFLXM") + Str(FrFrE M) No
28. +Str(FrFr)Str(SM') + Str(FrFr)Str(2T M) No
29. +Str(Fr)Str(FrX M) + Str(Fgr)Str(FrXT M) No
30. £Str(Fr)Str(Fy)Str(SM1) £ Str(Fgr)Str(Fr)Str(XTM)  No
31. £Str(FrFL MY £ Str(FrRERMTY) No
32. +Str(FrFr)Str(MX1) + Str(FrFr)Str(MTY) No
33. £Str(Fr)Str(Fr M) + Str(Fr)Str(FrMY) No
34. £Str(Fr)Str(Fy)Str(ME1) £ Str(Fgr)Str(Fr)Str(MTY)  No

TABLE VI: The eight linearly-independent O(an) operators with one mass spurion and two identical taste spurions. The
upper signs correspond to spin V', while the lower signs correspond to spin A. All of these operators can be neglected because
of additional considerations.

O(a?m) will contain two taste spurions and one mass spurion, and be chiral singlets that respect parity. They will
therefore come from the singlet representations contained in the product of three bifundamentals. Such operators
may contain either two identical or two di [erknt taste spurions.

If the taste spurions are dilerknt, the operators simply come from the product of two bifundamentals, Figure [3,
with a third, which clearly contains six singlets. However, because there are two types of mass spurions, there are
twelve corresponding operators in Table M. Each of these operators must be combined with its parity conjugate to
form a parity-invariant operator, so there are in fact only six operators in the chiral Lagrangian: (15 + 22), (16 +
21), (17 + 23), (18 + 25), (19 + 24), and (20 + 26). Three of these operators are proportional to Str(F), and so
vanish except for taste S, but then reduce to the LO operator Str(ZM' + MX="). Thus we are left with only three
new O(a®m) operators.

In fact, only two of these three are new if we consider S-matrix elements. Operator (15 + 22) reduces to the LO
operator if M is set to the mass matrix, since M then commutes with F_ and Fr. The operator does, however,
contribute SU (4) taste breaking contributions to pseudoscalar matrix elements, for then M is a source and need not
be proportional to the identity in taste space.

If the operators contain identical taste spurions, two of the three bifundamentals must be symmetrized, as shown
in Figure Bl The overall product contains four singlets, and therefore generates the eight corresponding operators in
Table 71l However, using the fact that F2 = 1 for all tastes as well as Str(F) = 0 except for &, it is easy to see that
all of these operators reduce to Str(=M* + MX") and can be neglected.

Turning these generic structures into operators in the staggered chiral Lagrangian is now straightforward: simply
let F. = Fr = F. We do not set M = MT = M, however, so as to allow the derivation of (pseudo)scalar matrix
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elements. The linearly-independent O(a?m) operators corresponding to SGFF(A) operators with spins V and A are

shown in Table [XVTI
Finally, we briefly recall the construction of the LO operators of O(a?), so as to make contact with the discussion
in the main text. These operators contain two taste spurions, and the only non-trivial SU(N|M) singlet is

Str(FL=Fr="). (A9)

This leads to the operators O; and Og in the potential U in (I3).

b. Operators with spin structure S or P

Here we consider single insertions of operators [S < F] and [P x F], where the taste can be F =V or A. The chiral
structure of these operators is

(. o (.|
OF = QL(l CEDQr +Qr(1 [ERJQL (A10)

where and the upper and lower signs correspond to spin S and P, respectively, and P?k are taste matrices. To
determine the corresponding mesonic operators in the SxL, we promote the taste matrices to taste spurion fields
transforming as

oo LER',  Hgl. RAgLT. (A11)

Note that these transformations do not maintain the Hermiticity of the original taste matrices. We can, however,
consistently impose the relation F,f = Fr, and so do not need to consider FE’R as additional variables. The left-handed
basis for constructing the mesonic operators becomes

A3, sHe! 59,57, Mz, =M™, (A12)

The counting and construction of operators with the correct taste structure is identical to the [V, A %< F] case,
although the taste spurions are di [efent. The primary technical di[erence arises when we set F= Fg'= F-because
the relative minus signs within compound operators are di[erent.

As before, there are fourteen O(a%p?) operators which can be constructed from two taste spurions and two Lie
derivatives. These are shown in Table Tl Notice that the + factors di [er from those for [V, A % F] because (AI0)
only has an internal minus sign, not an overall one. Two pairs of operators, 35 & 37 and 38 & 39, transform into
each other under parity, so we include their sums, each with a single coe [cieht, in the chiral Lagrangian. Operators
(35 + 37) and 40 both reduce to the LO kinetic operator after setting F—= HgJl= F-1This leaves ten new linearly
independent O(a?p?) operators.

In addition, there are twenty O(a?m) operators that contain one mass and two taste spurions. These are listed
in Table Il Six pairs of operators transform into each other under parity, and must therefore be included in the
Lagrangian with a single coe [cieht: 49 & 56, 50 & 55, 51 & 57, 52 & 59, 53 & 58, and 54 & 60. However, operators
(49 + 56), (50 + 55), and (51 + 57) reduce to the LO mass term after setting F= Fr'= F—Thus there are eleven
new linearly-independent, parity-invariant O(a?m) operators. Three of these, (52 + 59), 61, and 63, are pure source
terms, however, since they reduce to LO operators when M = MT = M.

To turn these generic taste structures into actual operators in the SxL, we set F= Hgl= F—ith HFHeing either
V or A. However, we choose to leave M and MT as generic sources which can be set to the quark mass matrix when
necessary. As before must contract indices on derivatives and taste matrices separately, so as not to break rotational
or SO(4) taste symmetry. The resulting operators are listed in Table XVITIL

Finally, we recall the construction of the LO operators of O(a?). In this case there are three non-trivial SU(N|M)
singlets:

str(E TR +pec., (A13)
str(AEN)str(FE") +p.c., (A14)
str(REM)str(ZHs). (A15)

The first of these leads to O3 and O, in U, ([[8), the second to O,y and O,a in UY @), and the third to Osa and
(OFF in U
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Operator Keep?
35. +£Str(0,20, 2" ki) No
36. £Str(20, 2 319, 5 ) Yes
37. £Str(8,518, T k) No
38. £5tr(9, 319, 8t Ebtr (T AR Yes — combined with 39
39. £Str(8,50, ST S EayStr(A31) Yes — combined with 38
40. £Str(8,279,%)Str (e No
41. £Str(0, 5 Ebtr(8, X HR) Yes
42. +Str(0, 519, 3)Str (A1) Str (T AR Yes
43. Str(9,%0, 3t Bt 1) 4 Str(9, 518, S Erd iERY) Yes
44. Str(9, =" B8, o B + Str (0, SR, S R Yes
45. Str(9,310,%)Str(3T 1) + Str(9,510,5)Str(S B L 5 Yes
46. Str(8,%8, 5t BN Str( A1) + Str (9,510, L Erd) Str(S ) Yes
47. Str(9, =" EYBtr (9, ST B+ Str(0, S ERYStr(0, SR Yes
48. Str(9,%10,%)Str(ENStr(Xt) + Str(9, 578, )Str(SEafStr (T AR Yes

TABLE VII: The fourteen linearly-independent O(a2p2) operators with two derivatives and two taste spurions. When present,
the upper and lower signs correspond to spins S and P, respectively.

c. Operators with spin structure T'

The spin T operators, [T x V] and [T x A], have almost the same chiral structure as those of spins S and P:

- L1 1 L]
o¥= QL(Yw CHEDQr  + Qr(ywy CERJQL . (A16)

H<v

The only diletence is that there are no cross terms between F—-and HgJ This means that the corresponding chiral
operators are identical to those generated by [S,P x V,A], except that those coming from Hfzlcross-terms are
absent. Thus the only eledt of single insertions of four-fermion operators with spin structure T is to change the
(unknown) coe Lciehts of some of the mesonic operators already listed.

3. Single insertions of operators from S ")

The four-fermion operators in SﬁFF(B) break both rotational symmetry and the remaining SO(4) taste symmetry

repected by operators in SﬁF FA . Thus they can map onto mesonic operators that also break these symmetries.
Indeed they only map onto such operators, because they are constructed to have no taste singlet component. In this

subsection we construct all such operators resulting from a single insertion of SFF B),

We begin with a general comment. To break the rotational and/or SO(4) taste symmetries requires that the mesonic
operator have more than two repeated indices. This can be accomplished at NLO either by having two derivatives and
two taste spurions, or by having four taste spurions. The former choice leads to the O(a2p?) operators exemplified by

1
Str(z0,>'¢,>79,5¢,,), (A17)
M
and discussed in this subsection. The latter choice gives O(a*) operators such as
Str(§w 28,28, 21,2, (A18)
H VEp

which will be discussed separately below. It is not possible, however, to break the symmetries with two taste spurions
and a mass spurion. Thus there are no new O(a?m) operators produced by SFF(B)
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Operator Keep?
49. +Str(Etrd M) No
50. +Str(EArt S kR No
51. +Str(aYStr(zMh) No
52. +Str(AArN)Str(S iR Yes — combined with 59
53. +Str(E3N)Str(S LMt Yes — combined with 58
54. +£Str(EXN)Str(SErYStr(zMT) Yes — combined with 60
55. +Str(AAedrsh) No
56. +Str( St AR No
57. +Str(Aa¥Str(Mxh) No
58. +Str(E3f M xh)Str(S iR Yes — combined with 53
59. +£Str( A1) Str(drdr) Yes — combined with 53
60. +£Str(AXNStr(SERYStr(Mh) Yes — combined with 54
61. Str(l@“@éﬂ) + Str(m}@ﬂ) Yes
62. Str(HeXt BN Str(SMT) + Str(ErdEX)Str(St M) Yes
63. Str(Eh)Str(EArT) + Str(Ea)Str(£rdr) Yes
64. Str(HeX)Str(EEN)Str(SMT) + Str(Bad)Str(£L)Str(St M) Yes
65. Str(AeXt BT Myt + Str(ArdArE i) Yes
66. Str(eXt BN Str(M S + Str(ErdEX)Str(M 1Y) Yes
67. Str(HeX)Str(ET M ST + Str(Had)Str(ArXMiE) Yes
68. Str(AeX")Str(AEN)Str(MET) + Str(Bad)Str(£X)Str(M 1) Yes

TABLE VIII: The twenty linearly-independent (’)(azm) operators with one mass spurion and two taste spurions. When present,
the upper signs correspond to spin S, while the lower signs correspond to spin P.

Although the operators in SSFF(B) appear more complicated than those in ng<A>, because of the coupled spin and
taste matrices, we can actually reuse the bulk of our work from the previous subsection. This is because we can still
use spurion analysis and group theory to determine the chiral structure of the mesonic operators. We just need to
be more careful about the index structure and the specific taste matrices. We illustrate the procedure by working
through the mapping of [V, x T,] in detail; the method then can be generalized straighforwardly to the remaining
operators in SgF(B).

We begin by recalling the definition of this operator:
C 1T _ _ _ L1
VuxTul = Qyp E&)QQ(yn EEul)Q — Qv CE5)Q Qyn Esb)Q . (A19)

K VEM

The second term in this expression removes the taste singlet component. It is, however, cumbersome and unnecessary
to keep both terms, so we first simplify using

1 Cr1 1 _
S (Vux T+ [V =T = Qv CEL)Q QY LEL)Q. (A20)

(TRRVI=TTY

Since [V x T]is from ng<A> this addition has no impact on matching to operators which break rotation and/or taste
SO(4) symmetries. The chiral structure of the operator in (A20) is given by

i _ L]
O(Wr =% Qr(Yy CE(WR)QR = QL(yp CE(WL)QL (A21)

which has the same form as for [V x T], (AG), except that the taste spurions depend on W, and the sum over p has
been removed for now. The mapping then proceeds as follows: first, determine the mapping of O(l)g onto mesonic
operators, for fixed p; next, set the taste spurions to their appropriate values; and, finally, sum over u and any other
remaining indices.

The group theory required to determine the independent mappings of O(()r onto mesonic operators is identical
to that for [V x T], since the spurions F (W), must transform like Fr . Thus one obtains the types enumerated
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in Tables M and IV, with the provisos that Fr | — F(Wg,L and that we must be careful with Lorentz (or, more
precisely, hypercubic group) indices. In particular, we do not yet know how the indices p in the operators in the
tables are connected with the index p in O()g. To work this out we need to determine how O()g transforms under
rotations while keeping the spurions fized. This may seem confusing because of the index p in F(W)r,L, but once, for
a given [, we convert the taste matrices into spurion fields, they are to be treated as rotationally-invariant (pseudo-
)scalar fields. Then, since O(W)g has two vector indices, it has a component which is a singlet under hypercubic
rotations (corresponding to summing over L), and a component which is part of a 3-d hypercubic irrep (the diagonal
part of the two-index symmetric tensor representation of the Euclidean rotation group). The former is not of interest
here, since the sum over u decouples the spin and taste indices. It is the latter which we need to match onto mesonic
operators.

It is straightforwang-te-flo this matching. For each of the operators in Tables [Tl and [\, we need to replace “0,,0,,”
with “0,,0, — (1/4) 0 000p” This projects out the singlet component. The singlet component has decoupled spin
and taste indices, however, so we can drop it if we wish, and keep only “0,,0,”. Doing so gives the following simple
prescription: keep the operators in Tables [Tl and M as is, but substitute Fr | — F(Y)r,L. In this way the spin
and taste indices become correlated. Now that the operator mapping is done for fixed p, we can set F(u) to the
appropriate taste matrix (in this case &,,) and then sum over the remaining indices (in this case both p and v with
the constraint that p & v). For example, after completing the three steps of the mapping procedure outlined above
for operator 1 (Table [[T) we obtain

Str(0u= 0, =8 28, - (A22)
H VEM

B) operator it came from, breaks the symmetries down to the lattice spin-taste group

This operator, like the SﬁFF(
My >CSW,.

Carrying out the same procedure for all the types in Tables [Tl and [\ leads to the mesonic operators collected in
the upper panel of Table [XIXl Note that the mapping of the four-fermion operator [Ay x T,.] leads to the same set
of mesonic operators as those from [V, < T,J].

The mapping of operators [T, x V] and [T, < A,] can be done similarly. The chiral structure is given by

1 -
Ofwe =  Qu(yw CEE)L)QR Qrlyvy CEIH)R)QL, (A23)

VEM

where the taste spurions depend on p, and p is not (yet) summed.'*:12 On the other hand, v is summed, so the
rotational properties of the operator are the same as those of O(u)g discussed above. Thus when it is mapped onto
mesonic operators with two derivatives their indices can both be set to p. The types of mesonic operators that arise
are as for [S x V, A], except that here we need keep only those with one F—hind one HgJ namely operator types 35-42

in Table Tl Furthermore, here we must substitute gl —- F(l)r . (with F(Wr.L — & or &5 in the end). The
resulting specific mesonic operators are collected in the lower panel of Table XTXL
In Ref. [12] it was claimed that one of the operators generated by [T, % V,] at O(a?p?) was

Str[(0p — 0v)X&p] Str(0, — 0v)2&p] - (A24)
HEVEPEn
This operator does not, however, appear in our lists. In fact, it is not invariant under the “spin-taste locked” rotation
a\) End au, au - _a\)

Yv = Y Yp - —Yv
& - Ep, Ep - =& . (A25)

which corresponds to a lattice SW, transformation [12, 23]. Thus it does not arise.

1 Note that the chiral structure of [T}, > V,,] is not the same as that of [T x V.
12 We thank Claude Bernard for pointing out an error in our discussion of this operator in earlier version of this paper.
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A x [ = WA+ B+ D+ . UCIREE

FIG. 6: The product of two adjoints in SU(4N|4M). The result also applies to SU(N) for N > 3 (with the dashed lines
removed).

4. Double insertions of four-fermion operators

Mesonic operators of O(a*) can arise from the combination of two four-fermion operators, each of which brings a
power of a2, or by mapping a single O(a*) quark-level operator. However, as noted in Sec. [, the O(a*) operators
do not break any additional symmetries and do not contain any more correlated taste indices, so they do not lead to
additional mesonic operators.

Thus we consider only the mesonic operators which result from two insertions of four-fermion operators. These two
insertions need not have same spin or taste, and may come from either ng“\) or SgF(B). We first consider pairs of
FF (A) operators, separating the various possible spin combinations. We then generalize these results to the case in

which one or both of the operators is in SﬁFF(B).

a. Spin V or A four-fermion operators with spin V' or A four-fermion operators

Operators of O(a*) must contain four taste spurions — two from each four-fermion operator. The taste spurions
corresponding to operators with spins V and A are F_ and Fg, which in the end can be set to S, P or T. In fact,
as we have seen above, the taste singlet always leads to operators which either vanish or are of the same form as LO
operators. We have checked that this remains true for O(a*) operators, and so drop taste S from the beginning. Thus
we can set Str(F_) = Str(Fr) = 0, which simplifies the operator enumeration.

There are five parity-invariant ways to combine the four taste spurions:

(FLFR)(FFR)

(FLFL)(FCFR) +p.c.

(FLFR)(FTFD) +p.c.

(FLFL)(FCFD) +p.c.

(FLFL)(FEFR) +p.c.. (A26)

Here we use primes to distinguish between spurions from the separate four-fermion operators because they may have
diCerent tastes. To determine the number of linearly-independent chiral operators, we use graded group theory as
before. For simplicity, we build operators out of the left-handed basis defined in (&7). Both F;_ and SFrX" are now
supertraceless, so they have no singlet component and transform as adjoints under the chiral symmetry group. The
corresponding O(a?*) operators are therefore chiral singlets contained in the product of four adjoints, with various
symmetries imposed based on the handedness of the four spurions.

Operators of the first type, (FLFr)(FF5), contain four di [erent taste spurions, and therefore possess no additional
symmetry. The number of linearly-independent operators of this sort is simply the number of singlets in the product
of four adjoints. (The product of two adjoints is shown in Fig.[Bl) There are nine such operators, and they are given
in Table [XI Most, however, reduce to LO operators or field-independent constants after setting F and F Pto specific
taste matrices; only three are new.

Operators of the last type, (FLFL)(F5FL) + p.c., contain two pairs of identical taste spurions. They therefore come
from the singlet irreps in the product of one symmetric product of two adjoints with another symmetric product of
two adjoints, i.e. the product of Fig. B with itself. There are four such singlets; they correspond to the operators in
Table [XI However, only two of these operators are new and nontrivial.

It is straightforward to show that the other three spurion combinations in (BZ8) do not generate any additional
O(a*) operators, so we choose to omit their discussion here. All that remains is the somewhat tedious task of replacing
the taste spurions with specific taste matrices. There are three non-trivial pairings of tastes, leading to three di [erknt
taste matrix substitutions:

[V,AxP]with [V,AxP] [CFI=F"=§&;

V,AxP]with [V,AxT] [CFI=§&, F=§,
V,AxT]with [V,AxT] [CEl=§,, F'=%&:. (A27)
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Operator Keep?
69. Str(FLYFrYIFy X FRET Yes — combined with 74
70. Str(FLYFrERNTF}) No
71. Str(FrF S FrEFRE) No
72. Str(FrF) S FpFrxt) No
73. Str(FLYFpFrYTFY) No
74. Str(FLYFRETFy S FRYT) Yes — combined with 69
75. Str(Fr X FrENStr(FL o FREt) Yes
76. Str(FrFy)Str(FrFR) No
77. Str(Fr Y FpyhStr(F S FrEY) Yes

TABLE IX: The nine linearly-independent O(a*) operators composed of taste spurions Fr,, Fr, Fy, and Fg.

Operator Keep?
78. Str(FLFLYFpFpyt) + pec. No
79. Str(FLYFRYI FL R FRyt) 4 pee. Yes
80. Str(FLFL)Str(FgFR) + p.c. No
81. Str(FrLYFpENStr(Fr S Fp2t) + pe. Yes

TABLE X: The four linearly-independent O(a4) operators composed of two Fr, and two Fj taste spurions.

Note that, in the case of taste T with T, the two pairs of taste indices must be contracted separately because Sg FA)

respects both SO(4)-taste and Lorentz symmetry. The three corresponding sets of chiral operators are given in
Table [XX1

b. Spin S, P, or T four-fermion operators with spin S, P, or T four-fermion operators

The taste spurions corresponding to operators with spins S, P, and T are H—artl Hz;—ahd can be combined in five

parity-invariant ways:
(AN A AT T
FASE A pc.
AR A AT 4 p.c.
FAJE A 4 pe.
(FeAE A pe.. (A28)

In this case we build operators out of the left-handed basis defined in (&T2). Neither F. =" nor >Fg is supertraceless,
so each transforms as a bifundamental under the chiral symmetry group. Thus their product contains slightly more
singlet irreps, and therefore generates more operators, than in the spin V case.

Operators of type (Flﬁmngrrespond to singlet irreps in the product of four bifundamentals, i.e. the
product of Fig. B with itself. There are twenty-four singlet irreps in this product, but we only show, in Table X1, the
three that lead to new %a‘*) operators.

O 1
In operators of type (@gﬁﬁﬁl p.c. and (F’@m—gﬁl p.c. , one pair of taste spurions is identical.
Thus the number of such operators equals the number of singlet irreps in the product of one symmetric product of

two bifundamentals with another two bifundamentals, i.e. the product of Fig. Bl with Fig. @ This product contains
fourteen singlets, so there are twenty-eight such operators. However, only eight are new, and these are listed in
Table XTIl

Finally, in operators of type (F@E@ﬁﬁj p.c. and (F@E@ﬁ?—g}l p.c. , both pairs of taste spurions

are identical. Therefore these operators correspond to chiral singlets in the product of one symmetric product of
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Operator Keep?

82. Str( Aol sStr (s Hps Al )1

Yes

83. Str(FL—EuL—'EibStr(EljﬁéSd(Eﬂﬁlﬁ—ﬂ p.c. Yes

84. Str(HX1)Str(EEN)Str (T EyStr (S

Yes

TABLE XI: The three non-trivial O(a4) operators composed of the four taste spurions 1@1@ nd

Operator Keep?
85. Str(dt At i) Str (A + poc. Yes
86. Str(At AT 1) Str(S A + poc. Yes
87. Str(E 3 AN Str () Str(S B + pec. Yes
88. Str( 3t AN Str( A1) Str(S A=) + p.c. Yes
89. Str(3t A Str(Ah)Str(S A + poc. Yes
90. Str(Et At Str(A ) Str(S ) + p.c. Yes
91. Str(3h)Str(AENStr( AN Str(SE + p.c. Yes
92. Str(EE)Str(AE)Str( L) Str(SEr) + p.c. Yes

TABLE XII: The eight non-trivial O(a*) operators composed of two th_—,lone nd one aste spurions.

bifundamentals with another symmetric product of bifundamentals, or of Fig. Bl with itself. There are ten such
singlets, and therefore twenty such operators, but only fourteen are new. We list these in Table XTI

As we know from the previous section, spin T four-fermion operators generate a subset of those chiral operators
generated by spins S and P; we can therefore ignore them. Thus, when pairing four-fermion operators, there are
three combinations requiring di [erent taste matrix substitutions:

[S,P x V] with [S,P xV] [CH=2E, HEEEE,
[S,P x V] with [S,P x A] [CHI2E,, EEEE,
[S,P x Al with [S,P x A] [CHI}¢§,;, FEEE,. (A29)

In all of these operators u and v must be separately contracted to maintain SO(4)-taste and Lorentz symmetry.

Operator Keep?
93.  Str(fEhT At ST A ST 4 pe. Yes
94. Str(He3t AT ST AT 4 pc. Yes
95.  Str(Aet kst A St + pc. Yes
96.  Str(Ebt At A s Str( A + pec. Yes
97. Str(E B str(Eb AT 4 pe. Yes
98. Str(At AN Str(Asht A 4 pc. Yes
99.  Str(E3 A Str (A Str (&) + pec. Yes
100. Str(At AN Str( A Str (B + pec. Yes
101. Str(A St AN Str( A Str (Bt + pec. Yes
102. Str(Ee3h)Str( B3N Str(AEN) Str(AS1) + p.c. Yes
103. Str(Ee3T B3t Str(S D) + pc. Yes
104. Str(Ee3t B3 Str(SEYStr(S ) + p.c. Yes
105. Str(eXh)Str(E N Str(S L AL + p.c. Yes
106. Str(Ee3H)Str(E3NStr(S S tr(SEY + p.c. Yes

TABLE XIII: The fourteen non-trivial O(a4) operators composed of two £ hnd either two r two aste spurions.
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Operator Keep?
107. Str(Fr L HrSER YT Apst) Yes
108. Str(FLYHrsEL 2N Str(Ash) Yes — combined with 109
109. S r(FLEFRZTHtr Eflﬁ)——l Yes — combined with 108
110. Str(FLEXFrxh)Str(AesDBtr (S ey Yes
111. S r(LEFRZ}T) + p.c. Yes
112. Str(Ast . SOt (FL X Fr2t) + pec. Yes
113. S r(LEFRZT Str IH—&— p.c. Yes
114. S (tr Htr FLEFRZT + p.c. Yes

TABLE XIV: The eight non-trivial O(a4) operators composed of spurions Fr,, Fr and two gl
Table [XX1l contains all of the corresponding operators in the chiral Lagrangian.

c. Spin V or A four-fermion operators with spin S, P, or T four-fermion operators

Operators that arise from the insertion of one operator with spin V or A and one with spin S, P, or T necessarily
have mixed tastes. Each four-fermion operator contributes two taste spurions, so the corresponding chiral operators
contain two F’s and two sl The five parity-invariant ways of combining these spurions are

(FLFR) (AR

(FLFL)(AcARMHp.c.

(FLFR) (AR +Hp.c.

(FLFL)(AcAg+Hp.c.

(FLF) (FrFRY-+Hp.c.. (A30)

We do not need to use primes, since the spurions from the two four-fermion operators are already distinguished by the
presence or absence of the tilde. As before, we build our operators using a left-handed basis, and in this case we must
use both taste spurion bases defined in (A7) and (AIZ). Recall that under chiral symmetry transformations, F;_ and
SFr=! transform as adjoints, while He=Hand >Hxz—trhnsform as bifundamentals. Thus the group theory counting
will be slightly di [erknt than in the two previous sections, and each of the five spurion combinations in (A30) must
be considered separately.

First consider operators of type (F_Fgr)(A-F=}—hese come from the singlet irreps in the product of two adjoints
with two bifundamentals. There are fourteen, but only four correspond to new NLO operators. Next consider the
third type, (FLFR)(A-A3+ p.c.. Because there are two Hs; khiral operators correspond to chiral singlets in the
product of two adjoints with the symmetric product of two bifundamentals. This product contains eight singlets, but
only leads to four new NLO operators. Finally, the other three combinations in (A30) can be shown not to produce
any new operators, so we do not discuss them further. Table [XIM shows the eight new operators that can be built
out of two F’s and two Fs!

In this mixed-taste and mixed-spurion case, there are four possible four-fermion operator combinations and corre-
sponding taste matrix substitutions:

[V,AxP]with [S,P xV] [CFl=§&, HZE,
[V,AxP]with [S,P x A] [CEl=§;, F=2¢,;
[V,Ax T]with [S,P xV] [CEI=§,, H2E,
[V,AxT]with [S,P x A] [FI1=§,, F2&;. (A31)

Once again, all index pairs are contracted separately, thereby maintaining SO(4)-taste and Lorentz symmetry. The
chiral operators of O(a*) arising from the insertion of a spin V or A four-fermion operator and the insertion of a spin
S, P, or T four-fermion operator are given in Table XXTIl
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d. Double insertions involving four-fermion operators in S?F(B)

In this section we determine mesonic operators of O(a*) which arise from the double insertion of four-fermion

operators, at least one of which is from SgF(B). As in the single four-fermion operator insertion case, the chiral

structures are identical to those for insertions of the corresponding operators in SﬁFF(A), but new index structures
arise which break the SO(4) taste symmetry. Also like before, we are not interested in operators which do not
break this symmetry, since these have already been completely determined. Thus we first consider insertions of two
four-fermion operators from SGFF(B). After this discussion, it will be easy to see that combinations of one FF (A)
operator with one FF(B) operator cannot generate anything additional, and in fact only generate operators that
respect SO(4)-taste and Lorentz symmetries.

Although the spin order is reversed as compared to previous sections, we begin with double insertions of [T, %<V, Ay].
This is because it is easy to guess the correct SO(4)-taste symmetry breaking chiral operators. They have the same
chiral structure as a subset of operators that come from double insertions of [S, P <V, A], namely those which arise from
L — R cross-terms (operators 82-84). A quick glance at Table [XX1l reveals that there is only one possible symmetry-
breaking index contraction: p =v. As this contraction does not break any of the discrete lattice symmetries, it must
be present at some order in our power counting. We can show, however, that it appears at O(a*) using an argument
similar to those in Section For fixed p and pY the general spin-taste index structure of these operators (ignoring
factors of & in Ay) is the following:

(wv Ci(vp Oy = O v i~ o) (A32)

VEpV/EY

Because mesonic operators of O(a*) have no derivatives, invariance under the lattice symmetries implies that they
must be singlets under hypercubic rotations. As was discussed previously, both pu and p$i~contain a singlet and a
3-d irrep. Thus their product contains two overall singlets — one from the product of the singlets and one from the
product of the 3-d irreps. Only the latter gives new operators, for it contains a part in which p = p5 confirming our
initial guess. The SO(4)-taste symmetry breaking operators arising from double insertions of [T, %V, A,] are given
in the first two panels of Table XXITIl

Next we proceed to mixed-spin operators, i.e. the result of an insertion of [V, A, % T,] with an insertion of
[Tu % Vi, Aul. These operators have identical chiral structures to the ones in the top portion of Table [XXTI'* Once
again, there is only one possible SO(4)-taste breaking index contraction, i = p, but we must still show that this is the
correct mapping of the four-fermion operator product.'* In this case, the operators have the following index structure
at fixed p and p~

(0 CH(H D)UY CEYO RO . (A33)

VEu v/ g’

Just as before, one hypercubic singlet in this product comes from the two 3-d irreps, and contains a part with g = p~

This generates the O(a*) mixed-spin operators in the third panel of Table [XXITIl

Finally we address double insertions of [V, Ay % T,]. This will produce operators with the same chiral structure
as double insertions of [V, A= T]. Such operators are given in the bottom portion of Table XXl In this case, multiple
combinations of index contractions are possible: u = p and u = p, v = 0. Both are allowed by the lattice symmetries,
but we must determine whether either arises at O(a*). After fixing p and p5 the index structure is

(1 Oy ) (- CEp (- hy . (A34)

VEu v/ e

Now we can see that the only nontrivial way of producing a hypercubic singlet is p = pY just like in the two previous
examples. The indices v and vPare independently summed from the beginning. We conclude that only the first of
the two possible index contractions arises from the double insertion of four fermion operators. The final panel of
Table XX shows the O(a*) chiral operators generated by double insertions of [V, Ay * T,].

After these examples, it is easy to see that the combination of an FF (A) four-fermion operator with an FF (B)
four-fermion operator cannot generate any additional operators. This is because, in the FF (A) operator, spin and

13 Note that we do not need the “— uv5” parts of [V, A < T}, since they can be removed by adding an appropriate amount of [V, A< T],
as discussed in Sec. This simplifies the final taste matrix substitution.
14 Note that v = p does not produce different operators since these are all just dummy indices.
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taste indices are completely uncorrelated. Thus these operators contain only a singlet under hypercubic rotations,
and can only form a overall singlet by combining with the singlet component of the FF (B) operator. But doing so
removes the correlations between taste indices. Such mixed-symmetry double insertions only modify the coe [ciehts
of the O(a*) FF (A) operators.

A natural question that arises is what happened to the second possible set of index contractions in the [V, Ay < T, ]?
case, in which both p = p~and v = v~ This would lead to mesonic operators such as

T T L1
Str(€uv &> "§uw&ux') +p.c. (A35)
HEV

i.e. with both p and v appearing four times. Such operators are consistent with all of the lattice symmetries, so they
must be present in the chiral Lagrangian at some order. The answer is that these operators are present, but they
are of O(a®). It is clear from the previous examples that contracting the spin indices to make hypercube singlets can
never contract all of the taste indices, some of which are independently summed. Thus chiral operators such as (A35)
can only arise if all of the tensor indices are coupled in the quark-level operator itself. This requires a local eight-quark
operator, e.g.

[Q(yn CEL)QIQ(VL CELIQIQ(YL CEL)QIQ(Y LEA)QI. (A36)

K vEp

which enters only at O(a®).

A more physical way of looking at this is in terms of gluon exchange. Taste-changing interactions are due to
the exchange of hard gluons with momentum k [TXa. To obtain a complete correlation of taste indices requires a
complete correlation of the hard gluon momenta. This can arise directly, for example, with four bilinears connected by
four gluons joining at a four-gluon vertex, as in the above operator. The presence of four hard gluon propagators gives
the factor (1/k?)* [&1. In contrast, the O(a*) mesonic operators that we are considering arise from two separate
insertions of O(a?) four-fermion operators tied together by gluons from the O(a®) Lagrangian.'® Thus these gluons
do not violate taste symmetry. The correlation between taste indices in the two four-fermion operators can only come
indirectly, through the Lorentz structure.

We can check the conclusion that operators such as (&35) do not appear at O(a*) by examining the counterterms
generated by other SO(4)-taste symmetry breaking operators. Consider four-pion vertices generated using the O(a2p?)
operators from the top portion of Table [XIXI Form a single diagram with only four external pions by joining the four
pion legs with derivatives to form a loop. The loop integral couples the indices on the derivatives and gives rise to a
quartically divergent counterterm with the following four tastes of external pions: uv, vy, uo, and op. This is of the
same form as resulting from the O(a*) operator that we derived above.

The general conclusion we draw from this discussion is that one cannot determine the staggered chiral Lagrangian
simply by testing the invariance of all possible operators under all of the lattice symmetries. While this procedure
does filter out incorrect operators, it does not lead to the correct power-counting. The only foolproof method is
therefore to map each quark-level operator directly onto chiral operators.

5. Additional source terms for vector and axial currents

Up to this stage we have not explicitly included source terms for left- and right-handed (or equivalently vector and
axial) currents. The standard method for doing so is to promote derivatives to covariant derivatives,

0T —» DpZ =9 —iLE+iZry, 0,2 — D' =9, —ir, =" +iz"], (A37)

and enforce local chiral symmetry [42, 43]. Here [Jand ry are, respectively, matrix sources for the left and right-
handed currents. One also needs the field strengths associated with these sources, from which one can build contact
terms at NLO. These do not contribute to S-matrix elements or decay constants, however, so we do not list them
here.

15 These lead to a local operator in the chiral Lagrangian because the gluons are confined to a small region by confinement. In effect, this
replaces four powers of a in the eight fermion operator with R*, where R [CTAAqcp is the confinement length scale.
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Operator Keep?
115. Str(D,Fr F XD, Y1) + p.c. Yes
116. Str(D,FrXD, XV Fr) + p.c. Sometimes
117. Str(D,FLXFrD,E) + p.c. Yes
118. Str(D,FrLXD, S S FrYT) + p.c. Sometimes

TABLE XV: The four a® source operators with one D, F and one Lie derivative. Note that the covariant derivative only acts
on the object directly following. The operators which are to be kept ”sometimes” can be removed using the equations of motion
if the underlying operator is of type FF(A).

In continuum XPT, the NLO Lagrangian takes the same form as that without the sources except for the change
of regular to covariant derivatives, aside from aforementioned contact terms. Possible terms involving covariant
derivatives acting on M or MT, for example, can be removed using the equations of motion (EoM). This turns out
not to be true for SXPT. There are additional terms involving covariant derivatives acting on the taste spurions which
cannot be removed, and which play an important role in the breaking of SO(4) for axial decay constants. Of course,
in addition to these terms one must change regular to covariant derivatives in all the O(a2p?) terms given previously.

The extra “source terms” are built from a covariant derivative acting on a taste spurion, a second taste spurion
(since they always come in pairs), and a Lie derivative (to match the Lorentz indices). Thus they are of O(a?p?) and
are produced by single insertions of four-fermion operators. We run through the possibilities in turn.

a. Single insertion of FF(A) operators

We will go through the group theory and operator enumeration rather quickly, as the process is the same as in
all previous sections. We will concentrate instead on eliminating operators through use of the EoM, as this is where
there is a di[erknce between staggered and continuum xPT.

Operators arising from a single insertion of [V, A < F] can be built out of the left-handed basis in (&Z) along with
two additional elements:

DuFL, DuFrZ'. (A38)

Because F|_ and Fg transform di[efently than = and =T, the covariant derivative acts in the following way on the
taste spurions:

DuFL = auFL - I[@ FL] , DuFR = auFL - i[ru, FR]. (A39)

Once F_r are set to fixed taste matrices, the partial derivative pieces will vanish. However, the commutator terms
can still contribute to the left- and right-handed currents, and therefore to PGB decay constants.

It is clear from (A39) that taste S cannot contribute, since then the commutator vanishes. Thus we need only
consider tastes P and T, in which case Fi_ and Fgr are supertraceless, and transform as adjoints under the chiral
symmetry group. Moreover, D,F_ and D, Fgr are also supertraceless because of the cyclicity of the supertrace, so
they too are adjoints. Thus operators with one taste spurion, one covariant derivative acting on a taste spurion, and
one Lie derivative will correspond to the singlet irreps in the product of three adjoints. There are two singlets in this
product, and therefore four operators. These operators are given in Table [X\]

We can remove some of these operators using the EoM. First recall (qualitatively) how this is done in the case
of covariant derivatives acting on mass spurions. One such operator is Str(D,M D“ZT). Integrating by parts, the
covariant derivative can be moved onto the field, resulting in —Str(M D,,D,="). Then DD, can be replaced with
operators involving either one or no derivatives acting on each of = or X' using the EoM, all of which are already
included in the standard NLO e[edtive Lagrangian. By trying to follow the same procedure for operators involving
taste spurions, we will see where it breaks down.

For example, first consider operator 115. We must be careful when integrating by parts because there are more
than just two terms in this operator — we cannot simply move Dy from one piece to the other and add a minus
sign. Derivatives can be moved around using integration by parts because we are integrating over all spacetime in the
action, so total derivative terms become surface terms and can be neglected. We therefore consider a total derivative
term which gives rise to operator 115:

Du(FLFLZD,=") = (DyFL)FLED, " + FL (DuFL)ZD, 3" + FLFL DD, + F L FLZ(DyD,Z"). (A40)
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Operator Keep?
119. Str(D, Al D BT 4 pe Yes
120. Str(D, D Bt T 4 pc. Sometimes
121. Str(D, HesOBtr (DL + p.c. Yes
122. Str(D, HeD BN Str(AesD + p.c. Sometimes
123. Str(D, HeA-ED, 51 + p.c. Yes
124. Str(D, D X s Hy 1y c. No
125. Str(D, AesDktr(SHr=H, 51 + p.c. Yes
126. Str(D, Hep, N Str(s A+ c. Sometimes

TABLE XVI: The eight a? source operators with one Dult?&hd one Lie derivative. Notation as in Table [XV]

After integrating over all spacetime and taking the supertrace, the l.h.s. vanishes, so the four operators on the r.h.s.
are all related. The first is operator 115, while the second is operator 116. The third operator is from the LO
Lagrangian, while the fourth can be related to other standard operators using the EoM. We learn two lessons from
this exercise: first, that operators 115 and 116 are redundant — they are related by integration by parts; second, that
we cannot remove both using the EoM—and we choose to keep operator 115. The di[erknce from the example given
above of the covariant derivative acting on the mass matrix is the presence of two taste spurions in each operator.
Integration by parts can never remove the covariant derivative from both taste matrices and produce something such
as DDy 2, which can be removed using EoM. The same holds for operators 117 and 118; we can remove only one of
these two using the EoM, and we choose to keep operator 117.

Operators arising from a single insertion of [S,P x F] can be built similarly out of the left-handed basis in (AI2)
plus the elements

DyA="1  =D,FA] (A41)
In this case H—afd Hz—trdnsform in the same way as = and =1, so
DyA—=b A—I A+ D Fr=bAr—r Ar+1F: 5 (A42)

Neither H-=Thor D,,H-=or their parity conjugates) are supertraceless, so they transform as bifundamentals. Thus

all operators with one F-dne Dpﬂnd a Lie derivative come from singlet irreps in the product of two bifundamentals
with one adjoint. There are four such singlets, and eight such operators, given in Table XV

We can now eliminate operators using integration by parts and EoM. Operator pairs 119 & 120, 121 & 122, 123 &
124, and 124 & 125 are each related in this way, and we choose to keep only the first operator in each pair. In fact,
operator 124 becomes equal to operator 123 once one uses the result that D, (H-Fz}= 0, i.e. that the spurions are
momentum-independent and their product has no taste. Thus we are left with four additional operators.

As in the previous sections, four fermion operators with spin T do not lead to any additional mesonic operators,
and simply modify some of the unknown coe [ciehts of the spin S and P operators.

Inserting the appropriate taste matrices is now straightforward. We simplify expressions using the fact that 0,F = 0.
We also write operators in terms of [Jand r, because the covariant derivative acts di[erently on the two types of
taste spurions. The final “source term” operators are listed in Table XXM

b. Single insertion of F'F(B) operators

In Section [A3 we discussed in detail how to map onto O(a?p?) mesonic operators arising from a single insertion
of a four fermion operator in SgF(B), so we just summarize the result here: the chiral structures are the same as
those of single FF (A) insertions, but the index structures are di [erent, breaking SO(4)-taste and Lorentz symmetry.
Simply put, each FF(B) operator is identical to the corresponding FF (A) operator, but with the derivative indices
contracted with a pair of taste indices. However, there is one important di [erkence: because the indices on the covariant
derivative and the taste matrices are correlated, the number of operators can no longer be reduced using the EoM.

Thus there are more a?source operators corresponding to a single insertion of [V, % T,] or [A, < T,] than those those
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from a single insertion of [V, A= T].16 There are, however, the same number of a?source operators from [T, <V, A,]
as from [S x V, A] because the doubling from the inability to use the EoM is counteracted by a halving because there
are only L — R cross-terms. Table XXM lists all of the resulting FF (B) “source term” operators.

Note that [V, < T,] only generates single supertrace operators, so there are no “source term” hairpins with tensor
taste. This has interesting consequences for SO(4)-taste symmetry breaking in PGB decay constants.

APPENDIX B: O(a*p?), O(a*m) AND O(a*) OPERATORS IN THE Sx.
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C. Aubin et al. [MILC Collaboration], arXiv:hep-lat/0407028.
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Generic Specific O(a*p*) Operator

Operator [V, A x P] [V,AxT|

1+3 Str(8,570, 5576 565) + p.c. Str(8,510,521¢,,5¢6,,) + p.c.

2 Str(8,51¢50,5¢5) Str(8,51€,,0,56,,)

6 Str(8,278,%)Str(¢sxe 1) Str(8,219,2)Str(£,,2¢,,51)

7 Str(29,21¢5)Str(216,2¢5) Str(29,27¢,,)Str(210,2¢,,)

10 Str(X0,27¢:%£0,57¢5) + p.c. Str(20,21¢,,59,51¢,,) + p.c.
13 Str(20,21¢5)Str(£8,57¢5) + p.c. Str(£8,%57¢,,)Str(28,57¢,.) + p.c.

Generic Specific O(a*m) Operator

Operator [V, A x P] [V,AxT|

15 + 22 Str(&sXés M) + poc. Str(€,u X6, M) +p.c.

16 + 21 | Str(&XMTEEET) +pee. Str(£,, EMT2E,, 2T + p.c.
17 + 23 |Str(&X&2N)Str(EMT) 4+ pee. Str(€,, 26, 57)Str(SMT) + p.c.

TABLE XVII: Operators in the staggered chiral Lagrangian arising from a single insertion of an Sg F(4) operator with spin V

or A. Implicit sums over repeated indices follow the summation convention defined in (), and p.c. indicates parity conjugate.
Each chiral operator has an independent undetermined coefficient of (’)(az). Partial derivatives act by convention only on the
object immediately to their right. To include left- and right-handed sources, derivatives should be replaced with covariant
derivatives. M and M serve as (pseudo)scalar sources; if such sources are absent then M = MT = M.

16 Note that the operators resulting from generic forms 115 and 116 are the same up to a sign, so the doubling of operators does not apply
in this case.
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Generic Specific O(a*p*) Operator
Operator [S,P x V] [S, P x A]
36 Str(x9,27¢,219,%¢,) Str(20,21¢,5%70,5¢5.)
38 + 39 | Str(9,279,2%7¢,)Str(2E,) + p.c. Str(8,570,551¢,5)Str(2E5,) + p.c.
41 Str(8,%7¢,)Str(9,2¢,) Str(8,5¢,5)Str(8,265,)
42 Str(8,278,2)Str(¢, =) Str(2,) Str(8,278,2)Str(£,s21)Str(2Es, )
43 Str(8,29, 216, 216,21 + p.c. Str(8,20,X1€,551¢5,57) + p.c.
44 Str(8,57€,0,57€,) + p.c. Str(8,51€,50,51¢5.) + p.c.
45 Str(9,219,2)Str(6, 26,2 +pe. Str(8,279,2)Str(6,5 576,21 + pec.
46 Str(8,20, 216, 2NStr (6,21 +pe. Str(8,29,21¢,587)Str(&5. 1) + pec.
47 Str(9,27¢,)? + p.c. Str(9,21¢,5)Str(0,21¢5.) + p.c.
48 Str(9,270,2)Str(6,57)2 + p.c.  Str(8,279,2)Str(€,5X1)Str(&5,. 27 + p.c.
Generic Specific O(a*m) Operator
Operator [S,P x V] [S, P x A]
52 + 59 Str(£, M1)Str(2€,) Str(&,s M) Str(Xs,)
53 + 58 Str(g, 2N Str(2e, M) + p.c. Str(£,557)Str(2€5,2MT) + p.c.
54 + 60 | Str(£,57)Str(2E,)Str(SMT) + p.c.  Str(€,557)Str(2Es,)Str(XMT) + p.c.
61 Str(&,Xte, M) + p.c. Str(€s8 €5, M) + pc.
62 Str(€,27¢, 2N Str(EMT) + p.c. Str(€,527¢5,27)Str(ZMT) + p.c.
63 Str(£, 2N Str(€,. M) + p.c. Str(£,52N)Str(&s, M) + p.c.
64 Str(£,X1)Str(, 2N Str(SMT) 4+ p.c. Str(£,587)Str(&5,57)Str(XMT) + p.c.
65 Str(e, 2t 2T MEN) 4+ pec. Str(£,527€,5TMET) + p.c.
66 Str(€,27¢, 2N Str(MET) 4 p.c. Str(€,5X1¢5,27)Str(MET) + p.c.
67 Str(£,27)Str(6, 2T M) 4+ pc. Str(€,52N)Str(&5, 2T MET) + p.c.
68 Str(£, X1 Str(¢, 2N Str(ME) 4+ p.e. Str(€,527)Str(&5,27)Str(ME) + p.c.

FF(A)

TABLE XVIII: Operators in the staggered chiral Lagrangian arising from a single insertion of an Sg operator with spin S

or P. Notation as in table XY
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Generic Specific O(a*p*) Operator
Operator [Vu x T,] and [A, X T)]
1+3 Str(8,210, 557, 56,,) + p.c.
2 Str(@HEwaaﬂE{W)
6 Str(8,£70,%)Str(£,.. 26,57
7 Str(20,21¢,,)Str(210,3¢,,.)
10 Str(20,27¢,,20,27¢,,) + p.c.
13 Str(20,27€,,)Str(28,57¢,,.) + p.c.
Generic Specific O(a’p*) Operator
Operator [T, x V,] [T, x Al
36 Str(20,21¢,270,2¢,.) Str(20,21¢,5210,585,)
38 + 39 |Str(9,279,5%1¢,)Str(X¢,) + p.c. Str(8,270,551€,5)Str(Xés5,) + p.c.
41 Str(8,21¢,)Str(8,2¢,.) Str(8,5¢,5)Str(0,%¢5,)
42 Str(9,219,%)Str(£,57)Str(2¢,)  Str(9,270,%)Str(£,557)Str(2es5,,)

TABLE XIX: Rotationally non-invariant operators in the staggered chiral Lagrangian arising from a single insertion of S(}; F(B)

operators. There is an implicit summation over both p and v with the constraint v # pu.

Generic Op.|[V, A x P] with [V, A x P]
69 + 74 Str(&sXE0TE52E:57)
75 Str(gsXE557)Str(gs265 1)
Generic Op. [V, A x P] with [V, A x T
69 + 74 Str(é2&:27¢,,.26,,51) + p.c.
75 Str(€s%6557)Str(£,, 26, 57)
7 Str(€s%€,, £1)Str(6, .26 57
79 Str(&sX€,, D626, 2T + p.c.
81 Str(&XEu 2N)Str(6526,, 51 + pec.
Generic Op. [V, A x T] with [V, A x T
69 + 74 Str(€,, 26,5600 26, ,57) + pec.
75 Str(£, 260, 21 Str(€0 0 2T)
7 Str (£, oo 21)Str (€626, 27)
79 Str(€, 00 216, 26,,51) + pc.
81 Str(€, 2o X1 Str(€,, 36, ,57) + pc.
TABLE XX: O(a) operators in the staggered chiral Lagrangian arising from two insertions of an SgF(A) operator with spin

V or A. Notation as in table XV
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J. Gasser and H. Leutwyler, Ann. Phys. 158, 142 (1984).
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[43] J. Gasser and H. Leutwyler, Nucl. Phys. B250, 465 (1985).
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Generic Op. [S, P x V] with [S, P x V] [S, P x A] with [S, P x A]

82 Str(¢,2e, £ Str(X€,2¢,) Str(€.s2t €551 Str(X65,285.,)

83 Str(£,21¢, X1)Str(2€,)Str(2E,) + p.c. Str(£,557€,551)Str(2e5,,)Str(Xes.) + p.c.
84 Str(£,21)Str(¢, 1) Str(X€,)Str(2E,) Str(£,5X7)Str(£,521)Str(Xes,,)Str(2es,)

85 Str(g, 2te, 2t 2N Str(2e,) + p.c. Str(€,s8 65,076,551 Str(265,) + pc.

87 Str(¢,2te, 2N Str(6, 2N Str(2E,) + p.c. Str(€,s 375,20 Str(€,551)Str(265,.) + p.c.
89 Str(€,27e, 1) Str(€, 2N Str(ZE,) + p.c. Str(€.s21é,521)Str (&5, 57)Str(2e5,) + p.c.
91 Str(€,21)Str(£,57)Str(6,21)Str(2E,) + p.c. Str(€usXT)Str(€s, 1) Str(€0sX1)Str(2s,) + p.c.
93 Str(e,2te, 26, 2, 21 + pec Str(€us 5,27, 5T65,21) + pec.

94 Str(¢,2t¢, nte, 2, o) +pe Str(€us8 6,521,065, 21 + pec.

95 Str(¢, 2T, e, 2N Str(e, =) + poc Str(&,s 265,216,551 Str (g5, 21) + pec.

97 Str(¢, 2e, 2N Str(e, e, 1) + pc. Str(€usX1¢5,27)Str(€,521¢5,27) + p.c.

98 Str(£,2Te, N)Str(e, 26,21 + pc Str(£,587 6,551 Str(€5, 215,21 + p.c.

99 Str(g, 2te, 2N str(, 2N Str(6, 21 + pec. Str(€us 215, 21)Str(€,sX1)Str(g5, 21) + p.c.
100 Str(¢,2te, ) Str(e, 2N str(e, =) + pec. Str(€,s27€,521)Str(€5, 1) Str(&5,. 21 + p.c.
102 Str(£,57)Str(€,2)Str(&,21)Str(6,27) + p.c. Str(€,557)Str(€5,27)Str(€,5 81 Str(&5,21) + p.c.
103 Str(€,xe, 2N Str(2€,2¢,) Str(€,.s21¢5,27)Str(2e,5385.,)

104 Str(g,2te, 2N Str(2e,)Str(2E,) + p.c. Str(£,55 75, 21)Str(X€,5)Str(Xes.) + p.c.
106 Str(£,21)Str(¢,21)Str(2e, )Str(LE,) Str(£,587)Str(€5,357)Str(2E,5)Str(2es,)
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Generic Op. [S, P x V] with [S, P x A]

82 Str(£,21¢,507)Str(2E,365,)

83 Str(¢,21¢,521)Str(2¢,)Str(2s.) + p.c.
84 Str(£,21)Str(£,557)Str(2E,,)Str(2es,)

85 Str(£, 21,2t s2N)Str(2¢s,) + p.c.

86 Str(&s2ies, 2e, 1) Str(2e,) + pec.

87 Str(£,5T¢, 2N Str(€,527)Str(Xé5,) + p.c.
88 Str(&,55T €5, 81 Str(£, 21 Str(2€,) + p.c.
89 Str(£, 5T ¢, 52N Str(6,57)Str(X¢5,) + p.c.
90 Str(€,557€,51)Str(&5,21)Str(2€,.) + p.c.
91 Str(£,27)Str(6,57)Str(6,521)Str(265,.) + p.c.
92 Str(£,521)Str(€5, 1) Str(g, 21)Str(2e,) + p.c.
93 Str(£, 27,216,556, 21) + pec.

94 Str(£, X1 ¢s2te n e 2N + pe

95 Str(€, 27, 2€6,52N)Str(&5.27) + p.c.

96 Str(&,sX1¢5, 27, 21)Str(€,21) + p.c.

97 Str(g,2te, 2N Str(é,55T¢5, 31 + pec.

98 Str(¢, 27,520 Str(¢, 215,21 + pec.

99 Str(¢, 2t 2N Str(6,521)Str (&5, 2) + p.c.
100 Str(£, 2t s 2N Str(6, 1) Str(és, 2) + p.c.
101 Str(&,sX1¢5,B1) Str(€,51)Str(€,57) + p.c.
102 Str(£,21)Str(€, 2N Str(€,557)Str(g5, 1) + p.c.
103 Str(£, 27,21 Str(X6,5%E5.) + p.c.

104 Str(£,2t¢, 2N Str(2,5)Str(265,.) + p.c.
105 Str(&,521 €5, 21)Str(2¢,)Str(2€,) + p.c.
106 Str(€,21)Str(€,2T)Str(X€,5)Str(2es,) + p.c.

TABLE XXI: O(a*) operators in the staggered chiral Lagrangian arising from two insertions of an S

S or P. Notation as in table XX

FF(A)
6

operator with spin
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Generic Op. [V, A x P] with [S, P x V] [V, A x P] with [S, P x A]

107 Str(és2¢,26:21¢, 51 Str(&2€,556:5165,21)

108 + 109 Str(gs2€, 2621 Str(€,31) + p.c. Str(€52€,55E87)Str(€5,87) + p.c.

110 Str(gsX¢527)Str(g, 21 Str(2e,) Str(&sXE557)Str(€,557)Str(2s,)

111 Str(e,Xte, e next) + pe Str(£,s87 &5, 265831 + pec.

112 Str(g,X1¢, 2N Str(65 8¢ 21 + p.c. Str(€,55 5,21 Str(&2621) + pc.

113 Str(g,Xtesnes X1 Str(€, 21 + pec. Str(£.52TE5 26 87)Str(€5,27) + p.c.

114 Str(£, ) Str(£,5N)Str(655E57) 4+ p.c. Str(€,557)Str(€5,57)Str(&52E:57) + p.c.
Generic Op. [V,A x T] with [S,P x V] [V, A x T] with [S, P x A]
107 Str(f‘WprEfWZTprT) Str(fwzfpSZ:waTfszT)
108 + 109 Str(€,, 26,56, 27)Str(6,21) + p.c. Str(€,, 2,526,210 Str(&5,27) + p.c.
110 Str(£,, 26, 57)Str(€,21)Str(2¢,) Str(€, 26, 57)Str(€,557)Str(X¢5,)
111 Str(¢,57¢,57¢,,5¢,,57) + p.c. Str(€ps 215,21, 56, 2T) + pec.
112 Str(£,27¢,5)Str (€, 26,27 + p.c Str(&,52t 5,21 Str(€,, 26,51 + poc.
113 Str(£,27¢,, 26,20 Str (6,27 + p.c. Str(£,s2t¢,, 26,21 Str(&5,21) + poc.
114 Str(€,21)Str(€,51)Str(€,, 26, 57) + pc. Str(€,557)Str(€5,57)Str(£,, 26,51 + p.c.

TABLE XXII: O(a*) operators in the staggered chiral Lagrangian arising from two insertions of SgF(A) operators, one with

spin V or A, the other with spin S or P. Notation as in table XTI

Generic Op. [T, x V] with [T, x V] [T, x A,] with [T, x A,]
82 Str(€,X1€,21)Str(3€,5¢,) Str(€us X5 TT)Str(S€s, 55,
83 Str(£,21e, 2N Str(2E,)Str(2€,) + p.c.  Str(€,87€,55T)Str (X5, )Str(Xs,) + p.c.
84 Str(g,21)Str(¢,21)Str(2,)Str(X€,)  Str(€,us3T)Str(€,s2T)Str(2es,)Str(Xs,)
Generic Op. [T, x V] with [T, x A,]
82 Str(€u X521 Str(3€,5E5,)
83 Str(£, 21,551 Str(X¢,)Str(2Es,,) + p.c.
84 Str(£,X1)Str(€,.5X1)Str(2€,)Str(Xes,)
Generic Op. [V, Ay x T] with [Ty, X V] [V, Ap x T] with [T}, x Ay
107 Str(£,, 26,28, 516,57 Str(£u €556, 2165, 51)
108 + 109  |Str(£,, 26, 26,, 2N Str(€,51) + p.c. Str(€,, 26,556, 51)Str(&5,21) + p.c.
110 Str(£,, 26, 20)Str(6,27)Str(2E,)  Str(£,,38,,27)Str(€,521)Str(Xé5,.)

TABLE XXIIL: O(a) operators in the staggered chiral Lagrangian arising from two insertions of SgF(B)
1 and v are separately summed, with the constraint that p # v.

Generic Op.| [V, Ay X T,] with [V, Ay x T}
69 + 74 Str(€u X6, 2 €0 B, 2T + pec.
75 Str (€ 260w X1 Str (€0 360, 27)
77 Str(£, €0 1) Str(£s .28, 21
79 Str(€,, 2,0 216, 26,,.57) + p.c.
81 Str(€,, 26,051 Str(€,,56,,57) + p.c.

operators. The indices
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Generic Op. [V, A x P] [V,AxT)|
115 i Str([l, &5]6 DL ST 4 poc. i Str([n, Eup)épn ZDLET) + poc.
117 i Str([€,, E5]8E DL ET) + poc. i Str([ly, £05] 26 DY) + poc.
Generic Op. [S,P x V] [S, P x A]
119 i Str([ruéy — 0,56, DY) + pec. i Str([ruéus — £050,]5E50 DY) + pec.
121 1 Str([ruéy — &Lu])8)Str(& DY) + p.c. i Str([ruéus — Euslu]X)Str(€su DuX) + p.c.
123 i Str([ruéy — €.0,]6, 57D, E) + p.c. i Str([ruéus — &uslu)és ST DY) + pc.
125 i Str([ruéy — E,4,]8)Str(E, DS + pee. i Str([ruéus — Eusl,]X)Str(€s, D21 + pec.
TABLE XXIV: O(a2p2) operators proportional to sources, arising from single insertions of Sg F(4) operators.
Generic Op. [V, Ap X T}
115 i Str([ly, £, XD ET) + poc.
117 i Str([€,, £ ]2, DL ET) + puc.
118 i Str([, £, ]8D,YT8E,,2T) + pec.
Generic Op. [T, x V,] [Ty x Ayl
123 i Str([ruéy — £.0,)6.5TD,S) + pec. i Str([ruéus — Euslu)€su ST DY) + puc.
125 i Str([rué, — E,Lu)2)Str(€, DS + pee. i Str([ruéus — Euslu]X)Str(€s, D, 2T + p.c.
126 i Str([rué, — E4Lu)Du)Str(2TEL) + pee. i Str([ruéus — Euslu] D, X)Str(X1¢5,) + p.c.
TABLE XXV: O(a2p2) operators proportional to sources, arising from single insertions of S§F<B) operators. Indices are

independently summed, with the constraint u # v.
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