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Abstract

We complete the analysis of twist-two generalized parton distributions of the nucleon in
one-loop order of heavy-baryon chiral perturbation theory. Extending our previous study
of the chiral-even isosinglet sector, we give results for chiral-even isotriplet distributions
and for the chiral-odd sector. We also calculate the one-loop corrections for the chiral-odd
generalized parton distributions of the pion.
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1 Introduction

Generalized parton distributions (GPDs) provide a unified parameterization of many different aspects
of hadron physics [I} 2, [3, 4]. Understanding GPDs in detail is therefore tantamount to understanding
in large parts the internal structure of hadrons. This motivates extensive experimental programs
as well as theoretical work. Details can be found in the reviews [5] [6l [7], which emphasize the
different types of physics encoded in these quantities. More recently it has been shown that interesting
information about the distribution of transversely polarized quarks in a hadron is contained in GPDs
associated with chiral-odd quark operators [8, [9], for which there have been relatively few studies so
far.

The extraction of GPDs from experiment is a highly non-trivial task, since in observables the
distributions appear only within convolutions. These are relatively simple at leading order in the
strong coupling but become increasingly complex at higher orders, see e.g. [I0]. In practice one
therefore has to use parameterizations of GPDs which are on one hand sufficiently flexible to catch
the physics and on the other hand contain only few parameters. In this context, the calculation of
moments of GPDs in lattice QCD is expected to become highly important in the future.

The lattice evaluation of these moments, parameterized by the form factors of local matrix ele-
ments, is very similar to the case of the usual electromagnetic form factors [I1]. The main limitation
at present is that lattice calculations with dynamical quarks can only be done for unphysically heavy
quarks and thus pions. The mass of the pion affects however the spatial extent of the nucleon and
hence its form factors. Therefore, their extrapolation to the physical limit can be fairly non-trivial,
and simple linear extrapolations with respect to m_ or m2 could be quite inadequate. Progress in
this respect requires an analysis within chiral perturbation theory (ChPT). We have presented such
an analysis for the pion GPDs in [12] and for nucleon GPDs in the chiral-even isosinglet sector in [I3].
In the present paper we extend this work to the chiral-even isotriplet sector and the chiral-odd sector,
giving complete corrections at one-loop accuracy. Calculations of a similar scope have recently been
reported in [I4], and we will compare our results in detail. There already exists a number of lattice
results for moments of GPDs, see [I5], [16] and references therein. We do not include any ChPT fits
to these in the present paper, but leave them to future lattice studies.

Our paper is organized as follows. In Sections 2] Bland 6] we collect details about GPD parameter-
izations, the operator product expansion, and heavy-baryon ChPT that are needed in our analysis.
We proceed in each case by constructing the operators within ChPT that match the relevant twist-two
operators in QCD, and by identifying the loop corrections which contribute to a given form factor
at relative order O(g?) in the chiral expansion (Sections H 5.1l and [7]). Results of the corresponding
calculations are given for the vector form factors in Section [0.2] for the axial form factors in Section
[(.3] and for the chiral-odd form factors in Section[8 In Section @ all results are collected and rewritten
in terms of the usual parameterization of GPDs. We summarize our main findings in Section [I0l

2 Chiral-even generalized parton distributions

To begin with let us recall the definitions of generalized parton distributions associated with chiral-
even quark operators. For the distributions with definite isospin I in a nucleon one can write
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where a is a light-like auxiliary vector, M is the nucleon mass, and we use the standard kinematical
variables P = 3(p+p'), A =p' —p, t = A? and 2¢ = —(Aa)/(Pa). Wilson lines must be inserted
between the quark fields if one is not working in the light-cone gauge (aA) = 0. We combine the
two-dimensional unit matrix 70 and the triplet of Pauli matrices 7 in a four-vector 74 = (7°,7),
with the matrices acting on the isodoublet of quark fields ¢ or of nucleon states N. The isosinglet
distributions correspond to A = 0 and the isotriplet ones to A = 1,2,3. In terms of individual quark
flavors in the proton one has H'=0 = H* + H? and H'=' = H* — H%, with analogous relations for
the other distributions.

The Mellin moments of the GPDs in (] are related to the matrix elements of the chiral-even local
twist-two operators
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with D# = %(l_))“ - B“) Here T denotes the subtraction of trace terms in the indicated Lorentz
indices and S denotes symmetrization, normalized as S, ,, t#1#? = %(t“”‘? + t#2#1). Both operations
are conveniently implemented by contraction with the auxiliary vector a,
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The local matrix elements can be parameterized as
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and the moments of the GPDs are given by
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where here and in the following we omit the isospin label I when it is not required. The restriction
to even k in (@) and (@) is a consequence of time reversal invariance.

To calculate the chiral corrections to the nucleon form factors in heavy-baryon chiral perturbation
theory we work in the Breit frame, where P = 0. The incoming and outgoing nucleons then have
opposite spatial momenta p’ = —p = A/2 and equal energies, p; = p, = M~y with

v=+/T— A2J4M?2. (6)

In terms of the velocity vector v, given by v = (1,0, 0,0) in the Breit frame, the incoming and outgoing
nucleon momenta are given by p = Myv — A/2 and p’ = M~vyv + A/2. Note that (vA) = (vS) =

Dirac bilinears can be expressed in terms of the velocity v, and the spin operator S, = %iau,/yg, vv.
Introducing the spinors
1+ 1+
w@) =N ), ) = a1 g @

with N = /(1 + 7v)/2, the matrix elements in (@) can be rewritten as [13]
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where due to time reversal invariance the terms with E, ;1 are only nonzero for odd k, whereas
those with M, j, En & and M, nk are only nonzero for even k. The relation between the form factors

in (@) and those in (IEI) is
2
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which is readily inverted to
1 A? 1
An,k(t) = ? En,k(t) - mMn,k(t) y Bn,k(t) = ? Mn,k(t) - En,k(t)] )
Boi(t) = My () — (147) 7" Eni(t). (10)

3 Heavy-baryon ChPT

To set our notation, let us briefly review the main ingredients of chiral perturbation theory for heavy
baryons, which is an effective theory for the limit ¢, m, < M, where ¢ is a generic momentum.



To describe pions we use the nonlinear representation U(z) = [u(z)]? = exp[ir®(z)7%/F], where
F = 92 MeV is the pion decay constant in the chiral limit[1 The explicit breaking of chiral symmetry
by the quark masses is implemented by the field x(z). We assume the isospin limit, where one can
replace x(z) — m?7% with the bare pion mass m. We will not use external vector or axial vector
fields here. The nucleon is described by the heavy-baryon field N, (z) = (1 + ¢) eMo(?) N'(z), where
Mj is the bare nucleon mass and v the velocity vector. The Fourier transform of N,(x) depends on
the residual nucleon momentum, given by the original nucleon momentum minus Myv. Important
derived quantities are the axial vector field

1
uy = i(uTauu — uauuf) =7 O,mTe + O(r?), (11)
the connection
1 )
= (e ) e 1) i
and
X+ = uTqu + uXTu. (13)

Under global chiral transformations, described by unitary matrices Vi, and Vg, the different fields
transform as

U~ VUV, X = Vax Vi,
u— VyuH! = HuV) N, — HN,,
T, — HU,H' + Ho,H', (14)

and u, and x4 transform homogeneously as
w, — Hu, HY x+ — Hx+HY. (15)

The unitary matrix H depends on Vi, Vg and on U(z) and therefore has an = dependence. With
the connection I';, one can construct the covariant derivative V. It acts as V, X = 9,X +T',X on
quantities like IV,, which transform with a factor H on their left, and as [V,,Y] = 9,Y + [[',,Y]
on quantities like u,, which transform with H on the left and with H f on the right. Corresponding
derivatives acting to the left are Z V=20-2 I'), and [Y, %] Y0 - [Y,T,], where Z transforms
with a factor H' on its right.
The effective Lagrangian for the theory contains a pure pion piece and a piece describing the
nucleon and its interaction with pions, Leg = L, + Lrn. Expanding in powers of ¢ one has
L,=LP+cW 4. .., Loy =LY +2% 4. (16)

™
with [I7, 18]

£ —F—QTr(u u" + x+)
- o X+) >

T
LW = % (Trxs)” + f—‘g {2 Tr(uut) + 2T (62) = (Tex-)* +- (17)

!Our convention is that uppercase indices of 7 as in (@) run from 0 to 3, whereas lowercase ones run from 1 to 3.



and [19]

L 1]27 =N, {Z(UV) + 90 (Su)} Ny,
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where gq is the nucleon axial-vector coupling in the chiral limit and the [; and ¢; are further low-energy
constants. The terms not displayed in [,5;1) couple to at least four pion fields and will not be needed
in our calculations.

For calculating nucleon matrix elements in the Breit frame we need the residual momenta of the

incoming and outgoing nucleon,
r=p— Myv=wv—A/2, r'=p — Myv=wv+A/2 (19)

with
2

A
w:M('y—1)+(5M:—8—M—401m2+0(q3), (20)

where 6M = M — M, is the nucleon mass shift. Using the spinors (7)) one obtains a matrix element
as [20]
(pl|0|p> = NZZN ﬂv(p,) GO(T,a r) Uy (p) (21)

where Go(r',r) is the truncated Green function for external heavy-baryon fields N,, N, and the
operator O in the effective theory. Zu is the heavy-baryon field renormalization constant,

2

3m?g? Im? g2 m .
2 2= log w2 8m?dys (1) + O(¢°), (22)

© 2(4nF)?  4(47F)2

Zy =1

where djg(p) is a low-energy constant in the Lagrangian [,532, given in [21].

4 Chiral even isotriplet operators

4.1 Construction of effective operators

To find the operators in the effective theory which match the quark-gluon operators (2)) in QCD we
generalize the construction of [I3] to the isotriplet sector. The relevant effective operators contain a
part O, which involves only pion fields (and couples to the nucleon via interactions from L£,y) and
a part O,y that is bilinear in the nucleon field. We thus have

Of(a’) = O;?,n(a’) + O;in(a’) ’ 671?(0’) = 671?,% (a’) + 6;?’”]\7(0,) ) (23)

where for the pure pion operators O;' (a) and 67‘%(@) we will use the form given in [I2]. The

pion-nucleon operators 02\ (a) and 67?“ y(a) are conveniently constructed by first matching the
operators

(Of(a))ij = qjd ! —;75 (iaB)nil qi, (Oﬁ(a))ij =qjd ! _275 (iaB)nil 4, (24)




where 4 and j are isospin indices. They involve quarks of definite chirality and transform as
Of(a) = Vp O (a) Vi Or(a) =V, O (a) V] (25)

unter chiral rotations. Parity transforms OF(a) and OF(a) into each other. The corresponding
effective operators that are bilinear in the nucleon field can be written in the form

(@ (@),;; = (N,O1ul), (uO:N,),, (Qr(a),; = (N, O1u) ; (uT OLN, ), (26)

where Oy, Oy transform like u,, under chiral rotations and O, O are related to them by parity. The
vector and axial vector operators are then readily obtained as

Oitan(a) = Trr {Q (a) + Qr(a)} Onan(a) = Tr7{QN (a) - QF(a)} (27)

and will involve the combinations

4, = ufru £ urdul, (28)
where the subscript e indicates that they occur in chiral even operators. In the isosinglet case one
has simply 7, + =270 and 70 = 0, whereas the isotriplet combinations

a a 1 b b a 2 abe,_b,_c
TS, =271 +ﬁ7r(7r7'—7r7)+0( 1 Te =g € 7 4+ O(r?) (29)

involve an even or odd number of pion fields, respectively. The operators O;, Oy can be constructed
from the fields u, and x4, and from the covariant derivatives introduced in Section Bl One can
rearrange the covariant derivatives in Qf(a) and QL(a) to act either as total derivatives d,, on the

product of all fields or in the antisymmetric form %u = %(ﬁﬂ v ), where VM = 3 +1I', acts on

the product of all fields to the right and %M -9 u — 'y on the product of all fields to the left. The
operators Qf*(a) and QL(a) are tensors having n indices contracted with the auxiliary vector a. Other
than d,, V, and u, these tensors can contain the vectors v, and S, and the totally antisymmetric
tensor. The number of spin vectors can be changed using the identities

. y U v
{S)\, u} = (U/\Uu g/\u)a [S)\, Su] = 1€ \pvp V SP Sy = _5 Expvp U“[S 7Sp] (30)

where our convention for the totally antisymmetric tensor is €j;93 = 1. For the operators under
discussion we chose a basis where S, appears at most linearly, or quadratlcally as the commutator
[Sx, Su]. For counting powers of g one associates chiral dimension 1 to d,, \% s Uy and chiral dimension
2 to x+.

We now make all factors of (av) explicit and write

Onenla ZM” F (av)" " O (a) (31)
k=0

where (’)A p(a) is free of factors (av). For contracting the k vectors a# in (’)A p(a) one can use S,
only once, so that this operator contains at least & — 1 vectors d,, V or Uy. Thus we can further
decompose

S MO (a). (3

i=—1

where 04 1.i(a) has chiral dimension k + 4. For (92‘7 - (a) one has a decomposition in full analogy to

(B]])and(BZl)



Table 1: Overview of contributions to the chiral even form factors. The restriction in the second
column is due to time reversal invariance. Na is the number of factors (aA) and (SA) in the
decomposition (8). The indices of the operators must satisfy [ > &k and 7 > 0, and the corresponding
graphs contribute to the form factor at order O(q?) with d > D411 — Na and Dyyy ;- from (33)).

form factor k Na  operators
En k1 odd k+1 Opti1,i-1
Mn,k even k+1 On,l-l—l,i—l

Enk even k  Opiy1i

Mn,k even k+2 On’lJrLi,l

4.2 Power counting for tree and loop graphs

As shown in [13] the chiral dimension of a graph with two external nucleon legs and insertion of the
operator (’)r‘:‘,kﬂ.(a) or (’)r‘:‘,m(a) is

N N
Dpi=2L+k+i+» (dimVz(j) —2) + > (dimVen(j) — 1), (33)
j=1 j=1

Z

where L is the number of loops (with L = 0 for tree graphs). V;(j) and V;n(j) respectively denote
the jth vertex from L, and L,y in the graph, N; and N,y are the corresponding total numbers of
vertices, and I and Iy are the numbers of pion and nucleon propagators. Corrections to the nucleon
propagator from higher orders of £,y are counted as a nucleon-nucleon vertex and are accompanied
by two (leading-order) nucleon propagators on either side. Notice that r# 4 r'* = 2wv# is of order
O(q?) and thus one order higher than the generic power associated with a residual nucleon momentum.
A graph with chiral dimension Dy, ; can thus generate contributions to a nucleon matrix element of
order O(q%) with d > Dy ;. Since Or‘:‘,kﬂ.(a) is accompanied by a factor (av)”* in (BI) it can only
contribute to form factors with at least n — k powers of (av) in the decomposition (&) of the nucleon
matrix element. Taking into account the number Na of factors (aA) and (SA) in that decomposition,
one can establish the order in the chiral expansion to which a given operator can contribute to a form
factor. The result is given in Table [Tl

Throughout this paper we refer to orders O(¢?) in the chiral expansion of a given form factor
rather than the expansion of the corresponding matriz element. This is most convenient for the
problem at hand, since the chiral order of matrix elements increases with the order n of the operator,
whereas the chiral order of the form factors has as a natural point of reference the order O(¢") from
tree-level insertions of operators with the lowest chiral dimension at given n.

The contributions of the operators 04, .(a) and O2, .(a) at tree level are readily evaluated. The
tree level graphs do not contain pions, so ‘that one can ’réplace

ub — 0, oF — iAF, %" — —jwvH,
T — 214, ™ =0, X4 — 2m?70, x— — 0. (34)

Operators with %M do not contribute to the form factors at leading order since w is of order O(g?).
The different types of higher-order contributions to the form factors are discussed in Section 3.2 of
[13]. In the results we give for the form factors, we lump them all into coefficients describing the m?
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Figure 1: One-loop graphs with the insertion of a pion-nucleon operator Oy, »n(a) or (5%7r ~(a), which
is denoted by a black blob. Not shown is the analog of graph ¢ with residual momentum [ +wv + A /2
of the intermediate nucleon line.

and ¢ corrections from tree graphs, except for the terms proportional to g2 in the expression [Z2)) of
the wave function renormalization constant Zp, which we combine with the terms due to loop graphs.

The one-loop graphs with pion-nucleon operator insertions are shown in Fig.[Il The construction
of operators detailed in Section .1l allows one to easily track the origin of factors A, which arise from
a graph and must match the factors in the form factor decomposition (8)). For this we use that the
denominators of the pion and nucleon propagators are (I —m? +40) and (lv + w + 40), respectively,
so that the loop integration turns tensors [, ...[,, into tensors constructed from v, and g,. We find
that with the leading-order (LO) interactions from I ]i, and the next-to-leading (NLO) interactions
from £ ~n a factor A, which is not contracted to A2 (and hence can be contracted with a# or S*)
can only originate from [13]

1. a total derivative 0, in the operator insertion,
2. a term (Iv)(SA) due to an NLO pion-nucleon vertex,
3. or a term (IA) due to an NLO nucleon propagator correction.

We further find that two factors of A, which are not contracted to A? can originate as (IA)(AS)
from the NNLO pion-nucleon vertex generated by the term

- 43’;(? N, {(%S) (V) + (%u)(sﬁ)} N, (35)

of the Lagrangian [,(3]2, given in [21].

In the next section we will see that O 1414 1(a) and On 141, 1(a) with 4 =0,1,2 have at most
[ 44 total derivatives d,. A one-loop graph with insertion of such an operator and pion-nucleon
interactions up to NNLO must therefore satisfy

Nan
[+i+ ) (dimVey(j) — 1) > Na (36)
7=1

in order to produce the number Nx of factors A, required to contribute to the form factors in Table[Il
For ¢ > 2 and for pion-nucleon interactions higher than NNLO this inequality is trivially fulfilled.
With the power counting established in the table, one then finds that the one-loop contributions from
pion-nucleon operators for all form factors start at order O(g?).
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Figure 2: a and b: One-loop graphs with the insertion of the pion operator O, r(a). c: Tree graph
with the insertion of the pion operator Oy, r(a). The operator insertions are denoted by black blobs.

Let us finally return to the contributions to the nucleon matrix elements from the pure pion
operators O,‘?’W(a) and O,‘?’W(a). Their chiral dimension is [13]

Nx N
Dy =2L—1+d+ ) (dimVz(j) —2) + > (dim Van(j) — 1) (37)
j=1 j=1

Z

where d,; > n is the chiral dimension of the pion operator. Because of parity invariance the vector
operators Oy,  couple to 2 or more pions, whereas the axial vector operators 6;;177T(a) couple to 1 but
not 2 pions. Starting at order O(qn_k) the form factors FE, ;41 and M, ; thus receive corrections
from the one-loop graphs shown in Fig.[2h and b. For isotriplet pion operators n is odd due to charge
conjugation invariance. Together with the time reversal invariance constraints on the nucleon form
factors, one thus finds that the corrections to EI !, start at O(¢?) and those to My =1 at order
O(q), whereas for all other form factors E.7} A and Mé’kl they are at least of order O( )

The axial vector operator Onﬂr(a) contributes to nucleon matrix elements starting with the tree
level graph in Fig 2k. The n vectors a/ in the operator are all contracted with derivatives acting on
the pion field and hence with A, after evaluation of the graph. The same is true for the corresponding

one-loop graphs. One thus obtains only contributions to the form factor Mn,n,l, starting at order
O(q?) for the tree graph. With two loops one has graphs where three pions couple to the operator
on one side and to the nucleon line on the other. Such graphs can contribute to other form factors,
but only starting at order O(q?).

5 Results for chiral-even isotriplet form factors

5.1 Relevant operators and graphs

With the method outlined in Section 1] one finds vector operators

Orl?,ka-l,—l:E k (zaa) (aS)T ' N, +.
1(0

: N 1(0) /. A
O k1o = 5BV (iad)* ' N, 72, N, — %Mnﬁc) (iad)* i, N, [(aS), S*JrA Ny + ...,
O i1y = 1M (100)+1 9, N, SPT2 N, + ..., (38)
where the ... stand for operators which have fewer total derivatives and as in Section 2] the isospin

index I = 0 belongsto A =0and I =1to A =1,2,3. The axial vector operators are simply obtained

10



by interchanging 7'£+ and 74 |

Oppi11 = ELY (10d)* N, (aS) T4 Ny + ... |
. ;
On,k—l—l,() =3E ,(

I

1 0

2n,k

A _ 1a71(
Onksr,1 = 1M, )

) (1) LN, 72 Ny — LMD (ia0)F 09, N, [(aS), ST Ny + ...
5 D (iad)F 1 i0, N, S*TA N, + ... . (39)
Using the rules ([34)) and the decomposition (8] the coefficients in ([3B8]) and ([B9]) are easily identified
as the tree-level contributions to the form factors Eé)k(t), El7k+1(t), Mé’k and Mik at order O(q).

n
Time reversal invariance implies that Eéf,?_)i_
Mi’(,?), ETIL’(,S), Hign are only nonzero for even k. For A = 0 we recover the isosinglet operators
constructed in [I3].
According to (29) insertions of an isotriplet operator with 7¢_ require at least one pion line in the
graph and hence do not contribute to nucleon matrix elements at tree level. They appear however in
the one-loop graph shown in Fig. [[c. When the pion-nucleon vertex in this graph is taken at LO one

finds zero, because the loop integral is of the form

—2¢ (SI)
/d421(lv+w+i0)(12—m2+i0)’ (40)

1 is only nonzero for odd k, whereas the other coefficients

whose numerator is proportional to (Sv) = 0 after the integration. Calculating the same graph to
the next order, one finds that the contribution from the NLO pion-nucleon vertex cancels the one
with the LO pion-nucleon vertex and an NLO nucleon propagator correction. This holds true for
all operators with 77 in (B8] and ([39) and only requires that the operators does not introduce any
dependence on the loop momentum [, via V, or u,.

The operators with 7¢, contribute at tree level and via the loop graphs in Fig. [Ih and b. They
are constructed such that after the replacement 0, — 1A, they match the structure of the terms in
the form factor decomposition (8)). That structure can be changed in loop graphs only when the spin
vectors in the operator insertion are multiplied by spin vectors from pion-nucleon vertices. This is
not the case for the graph in Fig. [[b, which originates from the two-pion term in the expansion (29))
of 7¢, and thus reproduces the spin structure of the operator. Let us show that it is not the case
either for the graph in Fig. [[h with LO pion-nucleon vertices. The numerator of the corresponding
loop integral has the form (S1)O(Sl), where O contains zero, one or two vectors S, and represents
the spin structure of the operator. The loop integration turns a tensor [, ...l into a combination
of v, and gy, and thus (SI)O(SI) into S?OS,. This preserves the spin structure of O because

1 1 1
878, =4 (1-d), §75%8, = 1(d—3) 5%, 5P[8%, 8PS, = 7(6—4d) (5%, 87] (41)

in d dimensions. We also need graphs with one LO and one NLO pion-nucleon vertex, or with two
LO vertices and an NLO nucleon propagator correction. Restricting ourselves to the terms producing
the required factors of A, as discussed in Section A2} we obtain numerators (lv)(SA)O (SI) or
(IA)(SI) O (S1), which give zero after loop integration.

In summary, the insertion of an operator from (B8] or ([B9) into the graphs discussed so far either
gives zero or contributes only to the same form factor for which it already provides the leading-order
tree-level result. This is however not true for the graph in Fig [[h with one NNLO or two NLO
pion-nucleon interactions. In this case one obtains terms (SA)O(SA) after loop integration, which
do change the spin structure of O.
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5.2 Vector form factors

From Table [ it follows that E! k1 and M k can receive contributions from one-loop graphs with
insertion of operators O, ;411 ‘with [ >k and i > 0. With the additional condition (36]) requ1red
to produce enough factors of A,, we find that the form factors receive corrections of order O(q?)
from graphs with LO pion-nucleon vertices and insertion of the operator Oy ji1 09, which already
gives the tree-level contributions at order O(g"). By power counting one could also have order O(¢?)
contributions from graphs with insertion of O,, y42 1 or Oy 11,1 and pion-nucleon interactions
at LO or NLO, respectively, but these vanish because the relevant operators come with TeA_. The
one-loop corrections from pion-nucleon operators to E'éfkl(t) and Mé;l(t) are then found to be

2

2
En,k (1 (47TF)2 |:(3gA + ) log /1' + 29A:|> + O(q ) )

= m2
MO (1= s e+ 1o ™+ 203 ) + o), (42)

respectively, where we have replaced the bare axial coupling gg by its physical value g4 as is permissible
within the precision of our result. Likewise, we could replace the bare pion decay constant F' and
bare pion mass m by their physical values F; and m, (we refrain from doing so for ease of notation).
The contributions with g% in ([@2) are due to the graph in Fig. [[h and the nucleon wave function
renormalization, and the contributions without 9124 come from the tadpole graph in Fig. Ib. As in
[13] we use the renormalization scheme of [22], subtracting 1/e + log(4m) + 9(2) for each 1/€ pole in
4 — 2¢ dimensions.

The form factors En Kl

(t) and M/ 1 also receive chiral corrections from loop graphs with pion
operator insertions. In the notation of [12] the isotriplet operators with lowest chiral dimension ard

08 (@) = 2by 1 (iad)"~ " (aV*)
n—3

+ 2iF% N by, (iad)® [(aLb) (2ia9 )" *2(aL®) + (aR®) (zz'a?)n—k—Q(aRC)} . (43)
bven
where
Ve =-LiF?(L% + RY), Lere=uto,U, Rir*=UQ,U". (44)

To extract the terms coupling to two pions we use the expansion L}, = ialﬂraF + ie“bcwbaﬂwc JF? +
O(n?®) and its analog for R}, obtained by changing the sign of the pion field[1 and obtain

Op () = —2j¢b¢ {l;n,n_l (iad)" 17’ (iad7¢) — 2 Z bk (1a0) [ (iad7") (27@3)"*"“*2 (ia@wc)] }
even

+0(rh). (45)
Using the relations

4(iadn®) (iad7°) = (iad)*n7® — w (2ia<5)2 7, 26970 (jad7¢) = eor (22'(13)71’C (46)

2The normalization of the twist-two operators (2)) used here agrees with the one in [13] and differs from that in [12]
by a factor of 2. The coefficients b, have the same normalization here and in [12].
*We note that the sign of the term with €**° in eq. (32) of [12] is incorrect.
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we can rewrite this as

n—1
08 o(a) = —ie® 3 AT (ma)k[ (1a9)" % 7¢| + O(xY), (47)
k=0

even

where A ( ) — on— k(b b by, e 2) with bn _9 = 0. The coefficients An (k) represent the chiral limit of
the form factors A7 (¢ ) which parameterize the moments of the pion GPD as [12]

1 n
/_ dra" B (n,6.0) = Y0260 AT (1) (48)

k=0
even

where in terms of quark flavors in a 7+ one has HI=0 = HY + H? and HI=! = H* — HY. Because of
isospin and charge conjugation symmetry one has I = 1 for odd n and I = 0 for even n and therefore
can omit the isospin index I in AT

As discussed after (IB:ZI) the graphs in Fig. 2h and b with insertion of O% _(a) give rise to corrections
which start at order O(g?) for ELZ! an—1 and at order O(gq) for M,{ =1 Together with ([42]) and with

terms due to tree level operator insertions, the complete results to order O(g?) read

2
- I=1(0 m
ESN () =E,, © (1 ~ [@rF) [(39A +1) log + 29A]>
+ O Bp 30 (1) + By O™ m? + Ei 0+ 0,
2

MIS (1) = M5O (1 - [(m +1)1og . 29A])

" A F')?
I=1(1,m) I= 1(2 ™) I=1(2,m) I= 1(2 t) 3
Ot Mt U7 (8) + MG )} + M MO o), (a9)

where the contributions

1=1(2,7 1 m?
Bl ’(”:WZ2 JzAn(n)a{‘*g mlog

odd
1 . 2 5
+/ dnr’ ! [93 (2m® — 1) (lOg mu(f) - 1) — (g4 — 1) m*(n) log mu(f)] } ,
—1
= ™ 27TMg 1 .
Mi,nl,(ll’ (1) = i A ZQ ja An(n)]/Idﬂﬂ] Lin(n) (50)
odd
with t
m*(n) = m® — 2 (1= 17) (51)

are due to graphs with pion operator insertions and LO pion-nucleon vertices. The order O(¢?)
correction

1 2

I=1(2,w
Mn,n—(l )(t) = (47TF 2 § 2" ]j An(n)] {49 m 10g M
j=1

odd

1 m2 m2
+ / dnn~! [gi, (2m? —t) (log N(Q") + 1) + (93 — 1 — 4Mcy) m*(n) log u(?n)] } (52)

-1
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is due to graphs with one NLO pion-nucleon vertex or nucleon propagator correction, as well as graphs
with LO vertices and the subleading part wv* of the residual nucleon momenta, cf. the discussion
after ([B3]). The terms proportional to g% in (B0) and (52) are due to the graph in Fig. 2h, and the
other terms to the graph in Fig. 2b. Our expressions ([9) and (G0) agree with the results in [14],
where the order O(q?) corrections to El nl . and the order O(q) corrections to M~ n | are given.

5.3 Axial form factors

Using Table M and the condition (B8], one readily finds that the chiral corrections of order O(g?) to the
form factor EX ok Are obtained from graphs with LO vertices and insertion of the operator Oy, j11 1,
which already gives the tree-level contributions at order O(q°). Together with higher-order tree level
insertions we get

Elzl(t) — g'='0 1—L2 (29 —|—1)log m’ —|—g
n,k n,k (47TF)2 A M A
N Ei,:kl@ m) 2y Ez k1(2 Db+ 0. (53)

in agreement with [I4]. The discussion of contributions to M, M!  is more involved; for the isotriplet
case it proceeds in close analogy to the isosinglet case analyzed in [I3]. According to Table [T and the
condition (B8], one obtains order O(g?) corrections from graphs with insertion of On’k+1’1 and LO
vertices. Further corrections are due to graphs with insertion of 6n,k+1,,1 and two NLO pion-nucleon
vertices or nucleon propagator corrections, or with one NNLO pion-nucleon vertex generated by (B3]).
Graphs with the same operator insertion and two loops or one loop and a pion propagator correction
from £7(T4) could contribute by power counting but do not produce the required factors of A, (see
[13]). Graphs with insertion of (5,%;“_2 o or (5n Jk+1,0 and pion-nucleon interactions at LO or NLO give
zero because these operators involve 72, as discussed after (40). Graphs involving (’)n k+2,—1 and
NLO pion-nucleon interactions do not contribute to M, M! k due to time reversal invariance, since the
operator is only nonzero for odd k and the form factor only for even k. Finally, graphs with insertion
of 6n,k+37_1 and LO pion-nucleon vertices contribute to Eé,k 4o but not to Mé,k as discussed at the
end of Section .11

Together with higher-order tree-level insertions, the one-loop graphs with 6n,k+1,1 or 5n,k+1,,1
thus give the full result at order O(g?) for the form factors with k <n — 1,

2
~7_ ~T— m
L0 =5 (1= i ot 010g T 443 )

2.2 2

+E;;1<0>%10g7;” +MI 1@m) . +M1 1(2t)t_|_0(q3)_ (54)

The form factors Mé;l_l require a separate discussion because they receive a contribution starting
at order O(g~?) from the one-pion exchange graph in Fig. 2k, as discussed at the end of Section
The relevant operator is given by

r

O (a) = by 1 (iad)" ' (aA") [1 +( "

o7 5n> ’I‘rX+] +0(g"™) (55)

with odd n and

Al = —LiF*(Ry — L), (56)
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where l;nm_l is the same as in (3] because of parity invariance. [ is the renormalized low-energy
constant from the pion Lagrangian (I7)) and appears in the expression of the axial current,

1._ - I
S DT g =AY [1 + 2—}2 TfX+] +0(q°), (57)
so that 131,0 =1 and ¢; = 0. One can readily derive (57) by coupling the Lagrangian to an external
isovector axial field a, as usual [19], which implies v, = i(u*@uu - uauT) +ufa,u 4+ wayuf. As an
aside we note that the correction with /] in the axial current (57) would be different if one used the
pion Lagrangian from [22], where the term involving this low-energy constant reads

ly Iy .

1T [(GMXT)(GMU) + (8“x)(8"UT)] =2 {Tr Xt T (uu) + 20 Tr [V, x—] } . (58)
In the present work we follow Ref. [I8] and use the Lagrangian (I7) from [17]. It differs from (G8])
by total derivative terms and terms that vanish by the equation of motion. With the full Lagrangian
given by L + L;n the equation of motion for the pion field involves terms bilinear in the nucleon
ﬁeldE so that a change of £, using the equation of motion induces a corresponding change in L.
We also refer to the discussion in [23].

The coefficients by, 1 and é, in (GD) appear in the moments of the twist-two pion distribution

amplitude ¢, (x), which are defined by

[ S e (x| a(-na) 25724 (n0) [0) = ~i6Fy (0 (59)
and .
BT — 9" d n—1 . , 60
r=2 [ dra™ g (a) (60)
so that B
(" (p)| O% 1 (a)|0) = —2i6* (ap)"F,. By . (61)

Calculating the leading chiral correction to this matrix element one finds that [} only appears in the
expression of the pion decay constant,

m? m?  m? 4
and ¢, only in the correction to the moments
By =b,,_, (1+4m?,) +O0(m*). (63)

The definition of the pion decay constant implies B = 1 to all orders in the chiral expansion.
Returning to the nucleon form factors M,{;l_l, one readily finds their lowest-order contribution to
be )
1 AM
MI_I( 2)(t) i Bw(o) 9o (64)

n,n—1 -

with BZ{(O) = IN)n,n,l. The leading corrections to this come from a number of higher-order operator
insertions and loop graphs. A tadpole insertion in the pion line of the graph in Fig. Bk and the

“With an arbitrary matrix X in isospin space and X=X- % Tr X, the leading-order equation of motion reads

20 Te[V,, u*] X + Trx- X = F > N, [(vu) + 4igo (SV), X | N, — digoF > 9" (N, S, XN,) .
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propagator correction from the I3 term in the pion Lagrangian (I7) result in a shift m? — m2 in (64,

where
m

2 2 2
9 9 m 2m~ | 4

The pion propagator correction from the /4 term in (I7)) cancels against the [4 term from the operator
(B5). A tadpole insertion at the operator vertex gives a chiral logarithm as in ([62]). Further corrections

are due to loop corrections to the pion-nucleon vertex, to tree-level insertions from [,55’]2,, and to the
factors N'? and Z n in the matching formula (2I)). Together with the tree-level insertion of the pion-
nucleon operator Oy, ,, ; from ([39) we obtain

4M? m?
(0) 90 (1 _ 202 1
It < nF)? [( 90 + )ogu + 93

+2m?g, ! (2d7g — dyg) — 8mPdls + 4m25n> + Mn ( ) 4 O(q)  (66)

ML () = B

n,n—1 n

with the low-energy constants dfs(u), dig and dig(p) from [2I]. To make the pion mass dependence
fully explicit, one should replace M? = M3 — 8m?Myc; + O(m3). Conversely, we can use (63) and
the one-loop expression

m2

=g (1 =5 [(205 + 1)1 dm?gy 'di — 8m>d O 67
on = a0 (1 ey [ (20 + o8 ™5 48| gy — sy ) < O (61

of the axial coupling (see e.g. [24]) to rewrite the result as

4M?g 4 _ ~7=1(0
Mt () = By —5—22 (1= 2m2 g, dig) + My, + O(g) (68)
™

in terms of the physical quantities B}, ga, M, m, and the low-energy constants d;s and 7{ nl (1).

With the transformation (I0) and the deﬁmtlons @) and ([©0) of moments one finds

~r— 0 4M?

B g0y = <8 (Y08 (g2 g2tang) + B O, 6) + Olg), (69)
2¢ &/ m2—t

which generalizes the well-known relation from [25] [26] to next-to-leading order in the chiral expansion.

For n = 1 our result (68]) is consistent with the one for the pseudoscalar form factor in [I8] 27]. We

also agree with the result of Ref. [I4] if in their eq. (66) one adds a term &, 21, 2 gaM?(r?) (z%%) /2%

6 Chiral-odd generalized parton distributions

In this section we consider the general parton distributions associated with chiral-odd operators. Asin
the previous sections we restrict ourselves to the twist-two sector. The relevant GPDs of the nucleon
are defined byﬁ
dn ; _ : A
[ TP (N3 a(~ ) raio T g (na) | )
AAHR — AAH
g iy

1 .
i o g () | io i+ T2 =

=T 9qp

ZU)"’A“A —io" ANA, YAPH — PAyH
- af+ T ). (o)

5We have traded the distribution Er in the original decomposition [28] for the combination Er = Ep+ ZﬁT, which
naturally appears when representing the distributions at £ = 0 in terms of densities in the impact parameter plane [§].
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In addition to the light-like vector a we have introduced a vector b satisfying ab = 0, and for brevity
we have suppressed the arguments x, £, ¢ of the dlstrlbutlonsﬁ Their Mellin moments are related to
the matrix elements of the chiral-odd twist-two operators

N = T A S Goa,iDy,...iD, mq, (71)
HUR2 o fin AL eefin AL f1..-fin "
where T and S are defined as in Section 2] and where A denotes antisymmetrization, Aj, N =
%(t/\” —t#"}). These operations are conveniently implemented by contraction with the auxiliary vectors
a and b, given that for any tensor t*1Fn satisfying tA1#2 - Hn = —iiA2-kn one hag

Alt...
bay,ap2...ay, T A S ke
AfL--fin AL Bl -efin
n n

— 1 Ap1pez. . pin A2 11 [ Lo pHIA 20 B2l A i 1o fom
brxay, au2 ... Gy, — 5 t + t t t
=2 =2
n+1 N
— 1. fh
5 DA Cppy - - - Oy, T . (72)

where symmetrization in ps . . . yy is guaranteed by contraction with identical vectors, and where trace
subtraction terms are removed by the conditions a? = ab = 0. The (n — 1) terms of the second sum
give zero due to the antisymmetry of ¢ in its first two indices. We therefore define the contracted

operator

2
Ofnla,h) = o P a . a Oy, = G 0 iy, (D)™ g, (73)

whose nucleon matrix elements are parameterized by

VAR — Ayt

n—1
(Ni(p)] OF(a,0) INj(p)) = 757 Y _(aP)" ™! (aA)* bray a(p') [io™ AL, \ +
k=0

2M Tn,k
ioN AFA, — o ANA, YAPH — PAyH <,
- R A+ T B ). (74)
The moments of the chiral-odd GPDs are then expressed as [29]
1 n—1 1 o n—1 o
/ dqf'mnil HT(iﬂ,f,t) = Z(_2£)k ATn,k(t)a / dxxnil ET($,£,t) = Z(_2€)k BTn,k(t)a
-1 k=0 -1 k=0
even even
1 _ n—1 _ 1 B n—1 N
/ dmxn—l HT(iﬂ,f,t) = Z(_2£)k ATn,k(t) ) / qu"n_l ET(Q:agat) = Z(_2£)k BTn,k(t) ) (75)
-1 k=0 -1 k=1
even odd

where we have omitted isospin indices I in the distributions and form factors for ease of writing. The
restrictions to even or odd k for the form factors reflect that Hyp, Ep and HT are even in £ and ET
is odd in ¢ due of time reversal invariance [28].

Using the relations (9) in [13] and

DA —otA [ (SA)AF — [S¥, (SA)AN

a(p)ioMu(p) =t (p') | 29[8™ 8"+ —7- M+ )

uy(p)  (76)

®Instead of contracting ¢** with auxiliary vectors one often takes definite indices o'", where i = 1,2 denotes a
transverse component and + the plus-component in light-cone coordinates, i.e. o't = (6" 4+ ¢%3)/V/2.
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one can rewrite the decomposition (74)) in terms of the heavy-baryon spinors (7] and obtains

S, (SA)AK — [S, (SA)A*
2M2 MTTL,]C

vAAF — pP AN
P M) (1)

. [S*, (SA)]v* — [S*, (SA)]v?

1
M ETTL,]C +

with new form factors given by

Erng = Arn My o= (1+75) " App g+ Brog — 247, -
~ . 2 ~
Erni =By My, o = App g+ Bry g — el Ay g s (78)
or equivalently
_ 1 A2 — ~
Bry i = 2 My — SYe Mpy o —VErn i)
R Y M. T B (79)
Tn,k — 2,)/2 Tn,k Tn,k 1 + Tnk| *
We finish this section by defining chiral-odd GPDs in the pion,
dn ; _ .
[ L) (x4 a(—a) i 7 a(na) [ (9)
1 1 PMAF — AAPH
= §T1"(TATbTC) 9P A m—szﬂ(%f,t)a (80)

where as in the nucleon case, isospin I = 0 corresponds to A=0and I =1 to A =1,2,3. In terms
of quark flavors in a 7 one has E%;O =k} + E%m and E:ﬁl =Ef - E%ﬂ, with the definition

dn . .
/ DI ian(aP) (ot ()| a(—Sna) byagio™ u(Lna) [+ (p))

47
1 PMAF — AAPH
= 5P bray, g Ef.(2,¢,1) (81)

and its analog for d quarks. For the local twist-two operators one has

n—1
(20| O 8) [#0) = 2 To(r77) by, T AP S pynbt (0 By, 4(0) (82)
" b
with X -
/ dea" ™ By = 3 (26)" Bl (83)

even

where the restriction to even k is a consequence of time reversal symmetry. Due to isospin and charge
conjugation invariance, n is even for I = 0 and odd for I = 1, so that we do not need an isospin label
for BI™.

n,k
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7 Chiral-odd effective operators

In this section we explain how to construct the operators in the effective theory that match the chiral-
odd quark operators (1)), closely following the strategy used in Section @ To this end we first match
the operators

1+ s o o

) _ _ . 1- ) _
2 (taD)" Y, (Ozl;%,n(a))ij = qu/\" % (iaD)" Lgi (84)

AL = A
(ORL,n(a))ij = gjio™"
with open isospin indices 7, 7, whicl@involve(_)quarks of definite chirality. The corresponding uncon-
tracted operators 2g;jioy,, (1 £ v5)iD,, ...iD,, ¢; do not have definite twist, but according to (72)
their twist-two part is readily projected out in bya, 02’2 ,(a) and bya, 02’;% . (a). The operators (84)
transform as

A A A A
ORrnla) = Vg Ole:,n(a)Vg Orpala) =V OL%,n(a)Vzg (85)
unter chiral rotations and are transformed into each other by parity. Because o*y5 = —%ie/\“a[g P

they obey the duality relations
A i A l
ORlz,n(a) = _56)\”065 O%ﬁ,n (a’) OLLIL{,n(a) = 56/\“015 O%%,n (a’) (86)

The operators (’)ﬁn(a, b) from ([73]), which correspond to twist-two and to definite isospin, are obtained
as

Ofp(a,b) = baay Q™ (a) A (@) = Ter {0 L (a) + O (@)} (87)

They will involve the combinations

o = ulrtul £ urte, (88)
whose expansion in pion fields reads
7'3+ =2 LZT('aﬂ'a—l—O(’ITAL), 7'3_ = —%71'“7'“4—0(71'3),
F F
Toy = 27% — % rr’r? + O(x"), Ty = —% 7% 4+ O(r?). (89)

As for the chiral-even case discussed in Section 1] the operators which match (84) in the effective
theory and contribute to nucleon matrix elements are either bilinear in the nucleon field or contain
only pion operators. We treat the two cases in the following two subsections.

7.1 Pion-nucleon operators

The effective operators which are bilinear in the nucleon field and transform as (83) can be written
in the form

(O?{lz,n(a))ij = (Wv Olu) (UOZNU) (90)

j i (O (@) = (N, O1ul)  (uf O N,)

7 ?

where 01, Oy involve the fields u,, x+ and covariant derivatives and transform like u, under chiral
rotations. O] and O} are related to O and Oy by parity. One can rearrange the covariant derivatives
in O;‘{i ,, and Oé’;zn such that they act either as total derivatives d,, or in the antisymmetric form

eu = %(eu - %u)
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Table 2: Overview of contributions to the chiral-odd form factors. As in Table [l the restriction in the
second column is due to time reversal invariance. Na is the number of factors (aA), (bA) and (SA)
in the decomposition (7). One must have | > k — 1 for Ery, , Mpy, and | > k for E’Tn,k, MTn,ka
and i > 0 for all cases. The corresponding graphs contribute to the form factor at order O(q?) with
d> D;; — Na and D;; from (33)).

form factor k Na  operators
Erny  odd k+1 Q)
Moy, even k+1 Qz’zz
E’Tn,k even k Qi‘;z
]Tan,k even Kk + 2 Qgii

To obtain the general form of (’)i‘%’z’n and (’)2’;%’” it is sufficient to construct corresponding operators
OM that involve no e tensor and either no spin vector or two spin vectors in the form [Sx, Sul-
Operators with one € tensor and one spin vector can be brought into this form by using the third
relation in ([30) and rewriting the resulting product of two € tensors in terms of products of metric
tensors. Terms in Ol/}{i,n and (’)2’;%’” with an odd total number of € tensors and spin vectors are
then readily obtained by adding the dual operators %ie’\“aﬁ 0% with coefficients determined by the
relations (80)), using that %ie)‘“aﬁ %ieaﬁ,ﬂ; 79 = tM for any antisymmetric tensor t .

Ali‘gllowing the procedure of Section 1] we decompose the pion-nucleon part of the operators
n " (a) as

n—1
Qe y(a) =" M™ F av)" F 1 QM (a) (91)
k=0

where we have omitted superscripts A for ease of writing. The operator Qg’;(a) is the contraction

of a tensor of rank k + 2 with &k vectors a and may not contain any factors (av). The minimal
number of vectors 0, %p, U, in szﬁc(a) is K — 1 and must be accompanied either by the tensor
v SH, (aS)] —v*[S*, (aS)] or by its dual ie* v,[Sg, (aS)]. In the first case one obtains however the
structure (av)[(bS), (aS)] after contraction with bya,, which also appears in bya, (av)” * Qn ko1(a).
An analogous statement holds of course in the case of the dual tensor. We can therefore restrict
ourselves to operators Qn’k( a) with at least k vectors 0, Vp, u,, and thus further decompose

ZM Qi a), (92)

where Qn k, ;(a) has chiral dimension k + 4. The power counting for graphs with a certain operator
insertion proceeds in close analogy to Section and is summarized in Table 2l Comparing the
number of factors (av) in (@) and in the decomposition (Z7), one obtains the restriction [ > k for
the operators Qn L ;(a) that can contribute to ETn , and MTn k- For Erpp i and MTn . the restriction
isl>k— 1 where the case [ = k — 1 requires that the graphs with insertion of Qn g Z( a) produce no
factors of v or v¥.
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7.2 Pure pion operators

Pionic operators which transform according to (85) can be written as
A A
Oy n(a) = uOu, O nla) = u O'ul, (93)

where O and O’ are related by a parity transformation, transform like u,, under chiral rotations, and
are constructed from the fields u,, x+ and covariant derivatives. We can restrict the derivatives to
act only on fields inside O and O’Nﬁ With the duality relations (86) one finds that the pure pion part

of the operator Qi (a) can be brought into the form
Tr [ VY ()] + S M T |7l Vop(@)]  or Te[rlaM(a)] + 5P Tr|nh Aup(a)], (94)

where V), and Ay, respectively behave as a tensor or a pseudotensor under parity and are constructed
from u,, V, and x+ without the € tensor. One readily finds that the terms without € in ([@4) couple
to an even number and the terms with € to an odd number of pion fields. V),(a) and Ay, (a) are
tensors of rank n + 1 contracted with n — 1 vectors a. In the following we consider the terms with
the lowest chiral dimension in the pure pion part of O%n(a, b). These terms contain no fields x4+ and
have the vector indices of all n + 1 factors u, or V, contracted with either a or b.

To calculate matrix elements of these operators between two nucleons or two pions at one-loop
accuracy, we only need terms that couple to at most four pions. Terms coupling to three or four pions
can appear in tadpole graphs. Such graphs are only nonzero if the pion fields in the operator which
couple to the loop have no derivatives acting on them. This is because the corresponding loop integral
has a numerator of the form [, ...[,,, where [ is the loop momentum. After the loop integration,
one obtains zero for odd m and for even m one obtains a combination of metric tensors, which gives
zero when the vector indices are contracted with a or b.

Since the derivatives with indices A and 4 in the antisymmetric tensor Qj M (q) cannot act on
the same pion field, one readily finds that operators coupling to one or three pions do not contribute
to matrix elements between two nucleons or two pions. For the same reason such operators decouple
from matrix elements between the vacuum and a single pion, which reflects the fact that there are no
chiral-odd pion distribution amplitudes of twist two.

It remains to construct operators V), (a) and Ay,(a) from u, and V,, which must have at least
one factor u, because the covariant derivatives must act on some field to give nonzero, and less than
three such factors because of the restriction just discussed. The operators with one factor of u, are
of the forml

(aV)F VA (aV)F2 ul — (X & p) or (aV)F VA (aV)*2 VH (aV)*3 (au) — (N < ). (95)

In both cases we can use the commutator identity [V, V] O = 1 ([u® u/]O — O [u®,uP]) to bring
the vectors with indices A and p next to each other. The commutator terms do not contribute to the
matrix element in question since they involve three or more vectors u,. The remaining term involves
either VAu# — VHur = 0 or [VA, V#]... (au) and thus do not contribute either.

The only relevant operators contain hence two vectors u,. According to our above discussion, the
I', part of any factor V, does not contribute in this case, and the derivative must act on the pion
fields in u, which already carry a derivative. For the matrix elements in question, V* (au) is hence
equivalent to (aV)wu?. The same holds of course for the index u. We thus find that the operators of

"Other terms can be brought into this form using identities such as 8, (uOu) = u([V,, 0] — £{u,, O} ) u.
8For simplicity we write from now on V,0 instead of [V, O] if O transforms like u, under chiral rotations.
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lowest chiral dimension can be written as

2 n—1
QM (a Z br g Trrh (1aV) VY + (96)
even
with
VM =2 20y = (20aV) R (97)

where the ... denote terms not contributing to two-nucleon or two-pion matrix elements at tree level
or one loop. We note that the coefficients br,,  have nonzero mass dimension and are of order (47TF)*1
in the sense of chiral power counting. They give the tree-level contribution at order O(q°) to the pion
form factors B7,, ,(t) defined in (82),

B, = (—1)" 2l by (98)

where n is even in the isosinglet and odd in the isotriplet case. The restriction to even k in (96])
corresponds to the one in (82]).

We can now apply the power counting formula [B7) with d = n + 1 to the operators just con-
structed. Taking into account the restrictions of even or odd n or k for the different form factors, we
find that the corrections from pion operator insertions start at order O(q) for M%;’ln_l and at order
O(q?) for M%nln 1> E‘%non , and M%ngl ,. For all other form factors they start at order O(¢®) or
higher.

8 Results for chiral-odd form factors
Using the construction described in Section [7] we find pion-nucleon operators

Q;?”,;\fé = EZIFS’L (ma)k (NU[S/\, S”]TOA+NU + N, (v/\S“ — v”S/\)Tf_Nu) +...,

Q::I?,l{ _Z Tf%;ﬁ (iad)* ((v)‘a“ — U“a/\) NUT£+NU + ie)‘“aﬁvaaﬁﬁvTiNv> + ..,
+ %E;S{)k (iad)* 9, (U“NO[S)‘, SP T N, — v N, [S*, S| T4, N, + {terms with Tf,}) +...,
1~ . ~ ~ :
Qnids = =7 M) (iad)* ap(a“ N,[S*, SP17 N, — PN, [SH, 87) 7, N, + {terms with Tg‘_}) +o,

(99)

where the ... denote terms with a smaller number of total derivatives. The coefficients in ([@9]) are the
tree-level contributions at order O(¢%) to the respective form factors and therefore only nonzero for
even or odd k as given in Table2l The terms with 77 in the last two lines of (Id) are rather lengthy
and not given here. Indeed, one finds that none of the operators with Tf,‘_ in ([@9) contributes in one-
loop graphs with pion-nucleon interactions at LO or at NLO. Such graphs have the form of Fig. Ik and
give zero for the same reasons discussed after (@) for the case of operators with 721 . The discussion
at the end of Section [5.1] also applies to the operators with Tf+ in ([@9)), so that their insertion into
graphs with LO pion-nucleon vertices or with one NLO pion-nucleon interaction contributes only to
those form factors for which they already provide the tree-level result at order O(¢°).

An operator @' l ; in ([@9) has at most [ 4 ¢ partial derivatives, so that the condition (B36) holds
also in the chiral-odd case. Together with the power counting following from Table 2, one again finds

22



that one-loop corrections to all form factors start at order O(g?). One finds that the order O(¢?)
corrections to My, ,, and Er, ;, come from @), 1, whereas those to E'Tn & and MTn & come from @, 1 o
and Q1 2, respectively, with pion-nucleon interactions taken at LO in all cases. Additional order
O(q?) contributions to ]Tan,k come from graphs with @, 1o and two pion-nucleon interactions at NLO
or one pion-nucleon interaction at NNLO (only the TOA+ part of the operator is found to contribute).
Contributions from the same graphs to E7y, 11 or M7y, 1 are possible by power counting but turn
out to be zero. Other contributions at order O(g?) which are possible by power counting involve
at most one pion-nucleon interaction at NLO and do not appear for the reason given at the end of
the preceding paragraph: there is no correction to Mpy g or Ery g from Qp k11,0, Qnk,0, @nk—1,1 OF
Qn,k—1,2 and no correction to My, from Qp k11,0, Quk+2,00 @nk,1 O Qnki1,1-

Taking into account the graphs with pion operator insertions shown in Fig. Zh and b, we finally
find

2 2
I=0 _ ,  I=0(0) 3m m
MTnk _MTnk (1_2(777210gﬁ>+’
2 2
. I=1(0) m 2 m 2 1=1(2,7)
Mg, =Mrp, (1 ~ S F)y [(GgA +1) log oz + 4gA]> + 01 MTmn_l7T ) +...,

3m2 2 m2 I= 0(2 )

m2

= I=1(0
Erpr = Tn,k( ) (1 T 3{nF)? [(49A +1) log 2 +49A]> +...,

2 2
I=0 _ 7I=0(0) 3m 2 m
ETn,k = Ly 1—W(29A+1)10g—2>+,
2
=1 _ =I=1(0) m 9
Eppe = Bppp  (1- 2(anF)? [(49A + )10g e +49A]> . (100)
and
2 2 2
=0 _ 771=0(0) 3m 9 m ~1—0(0) m%g% m
Wik =0 (1 g O+ ) sz ) + B G s
7 I=0(2,m)

+5kn 2MTnn 2 (t)+""

2 2 2 2
~I=1 ~T1=1(0) m 9 m 9 ~71=1(0) M g3 m
MTM,c = My, & <1 - 72(471’F)2 [(4gA + 1) log F + 4gA]> — Em,c 73(471’F)2 log F

Ot | M0+ My PO 0]+ (101)

where for brevity we have written ... to denote analytic terms proportional to m? or ¢ and corrections
of order O(¢3). The analytic terms are due to higher-order tree-level insertions as specified below

(B34). The contributions from pion operator insertions read

EI:0(2,7r)(t) _ _1]’\‘4’1 0(2, 7r)(t)

Tn,n—1 Tn,n—2
b 4 bl
2 n 1 2
~1=0(2, 39 . m*(n)
Tanss ) =~ pr @—nMwmﬁ/‘mw2m%m% r (102)
—~ _
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with n even in the isosinglet case and

I=1(2, 1 m?
MTn,n(—lﬂ—) (t) 4(47 ZMann —J {49Am log /1'

j=1
odd
1 . 2 2
+ / dnn ! [9?4 (2m® — t) <log mu(f) + 1) — (93 — 1) m*(n) log mu(zn)] } :
-1
~T=1(17) WMQA - 1
MTn,n—l (t) - 4:7TF 2 Z Man n—j / d77 77] (77) )
~T=1(2,7) 1 m?
MTn,n—l (t) = 4(47TF Zl Man n—j 4gAm log M
tdd
1 . 2 2
+ / dnn’ 1 [9124 (2m2 — t) <log m'u(;?) + 1) + (g% —-1- 4MC4) m2(77) log mﬂ_(;?)] } (103)
-1

with n odd in the isotriplet sector. As remarked in [14], the corrections from pion operator insertions
are very similar for the chiral-odd and chiral-even form factors. We find a correspondence

MTnn 2 & Mnn 2> MTnn 1 ¢ Mnn 1> MTnn 1 ¢ Enn 1 (104)

for the terms in ([02) and (03] when interchanging Mby,, ,,_; <> 27 TjAL (n) i

Let us compare our results (I00) to (I03]) to those in Ref. [14] which gives the corrections of order
O(q) for M%Elk and of order O(¢?) for all other form factors We agree with the expressions given
there, except for the corrections from nucleon operator insertions without a factor 921 in the isosinglet
form factors, which are absent in [I4], and for the corresponding term in M%ilk, where we have a
different coefficient. These corrections are due to the tadpole graph in Fig. IIlb with the pion-nucleon
vertex generated by the two-pion terms in the expansion (89) of 70 o and 77, . Since this vertex has
no spin or momentum structure, the corresponding corrections must be the same for all form factors
with a given isospin.

Let us finally give the corrections of order O(g?) to the chiral-odd GPDs of the pion. They are
given by the one-loop graphs shown in Figure [B] with insertion of the pion operators ([@6]) and from
tree-level insertions of operators with chiral dimension n + 3. For the form factors (82]) we find

r 3m? m?
for even n, and

2 2
_ pr(0) m m
ngrn’k(t) = B;’n,k (1 — SArF)? log 2 )

1 m?2
L anF)? 22 T Bi, ]/ dnr? "t m?(n) log Mg")+... (106)

The tensor form factors in [I4] are related to those introduced here by M7 ~ Ep, ET ~ My /2, W7 ~ —4Mr (all
up to terms suppressed by factors of order A?/M?) and by CT = Er.
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Figure 3: One-loop graphs contributing to two-pion matrix elements of the pion operator ﬁ,}i‘“ (a)

in ([@6). The operator insertion is denoted by a black blob.

for odd mn, where the ... stand for analytic terms from tree-level graphs and for corrections of order
O(q*). The corrections going with logm?/u? are due to the tadpole graph in Fig. Ba and are inde-
pendent of k. The term involving an integral over 7 is due to the graph of Fig. Bb and can only occur
for k = n—1 (and thus only in the isotriplet case). This is because the operator insertion on the pion
line cannot produce any factor (aP) and the four-pion vertex can only produce one such factor after
the loop integration.

9 Results for moments of nucleon and pion GPDs

In this section, we rewrite our results in terms of the form factors A,, i, By, 1, Cp, Zn,k, énk and Ary, f,
ETn,k, ZTn,k, ETn,k, which describe the moments of GPDs in commonly used parameterizations. We
give expressions for the value and the first derivative of each form factor at ¢ = 0, which should
be useful for applications in lattice QCD. The corrections obtained from graphs with pion-nucleon
operator insertions are completely specified in this way, because they are independent of . In the
following we will use the abbreviation A, = 47 F'.

For a convenient overview of results we also reproduce the expressions for isosinglet distributions
from [13] here. Together with (@), (I0) and the expressions in Section [, we find that up to corrections
of order O(m?) the chiral-even vector form factors at t = 0 have the form

A{@jco( )—AI 0(0) +A£ kU(Zm)mZ,

- 1=0(0 1=0(0 3m?g? m? 1=0(2,m 1=0(2,7
B£7k0(0) = Bn,k @ (An,k © + Bnk oo )) A2 4 l N +Bn,k: ( )m2 + 5k,n—2 Bn,nf(Z )(0)7

CéZO(O) — CrILZO(O) + Cé:O(?,m)mQ + CéZO(I,ﬂ')(O) + CrIz:0(2’7r) (0) ’

2 2
AN 0) = A0 {1 TQ [(39A + 1)log% + 2gA] } FAIEM 2 g AT )

2 2
— I=1(0 m m I=1(0 g m
Bé,kl(o) =B, © {1 Ag [(39A + 1) log — 2 +29A] } + (A © +Bnk 1o )> AZA log w2

n,n—1

I=1(2,m I=1(1,n =12,
+ Byt B 4 5, BT 0) + B0 (0)]

2

i =g fi 1

2
A2 [(39124 + 1) log % + 29124] } + CI=1em) 2, (107)
X
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The labeling of coefficients with superscripts (0), (2,m), (1,7) and (2, 7) follows the same pattern as
in Sections [5l and Bl The contributions from pion operator insertions read

1=0(2, 6m 9
Bn,n—(2ﬂ)(0) —= 1o g 22 ]jAnn 3’

X
even

_ 3rmM g _ 0
ol=00m) gy = 2T IA Z j A7)
Jj=2 J + i1

2A2 Anin=i
even
_ 3m29 7(0) 12m2 g2 m?2
1=0(2, _ A A
CI=0Cm ) = — o sz "0+ 2 | o Ma logﬁ—l-l
X X
even
3 Mey Mes (10g ™ 9=i_J 47 108
+4 020g/ﬁ+ c3 0g—2+ 2; j+1 nn], (108)
dven
where n is even, and
I=1(2, 2m QA m* [
A3 (0) = log ZZ 1j AL+ N [(9 )log -5 +29A] >o2anlls,
AL 1
odd z)dd
=11, 47TmM9
Bn,nf(l W)(O) =-——-4 22 ]Ann Y
odd
I=1(2, 4m 9
B (0) = A Jog 22 ij ATl
AL
odd
4m? j
- |9 log o + 1) - Mey log Zz AT (109)
X

odd

where n is odd. The An (n)_ ; are the leading terms in the chiral expansion of the pion form factors in

(@8)) and fulfill the relations [12]

n
Z 27 ]An iy —An(g) for even n, Z 2_]'AZ’(7?)7]- = B;r(o) for odd n, (110)
even odd

where BZ{(O) is the n-th moment of the pion distribution amplitude to leading order in the chiral
expansion, as introduced in Section B3l FEstimates for the values of the low-energy constants ¢;
appearing in (I08) and (I09) can be found in [30].

For the axial form factors we have

o L 3m2a2 2 o
AlZ0(0) = AL {1 _ 2 94 [log% + 1] } 4 A=0em) 2

n,k ’

)

~r_ ~7— 3m2g> m? ~I— m? g3 m? ~r=
BI70(0) = B {1 _ M 94 [log e 1] } — A0 AgA log 7 + B2
X



~I=1(0) ga m? SI=1(2,m) 2
+ A,k e log'u——i-Bnk m fork<n -1 (111)
with corrections of order O(m?), and
4M?
BIZL . (0) = B mfA (1 —2m2g, ds) + Bhy Y + O(m) for odd n. (112)

Note that the implicit pion mass dependence from B}, M, ga and m, is relevant within the accuracy
of this expression. Numerical estimates of the low-energy constant dig are given in [31]. The derivative
of BI=1 (1) at t = 0 reads

n,n—1

4M2gA

atBnn 1(0) = By - (1-2m2g,'dig) + O(m™"), (113)
where the order O(m ') corrections are due to terms of the form O(¢3)/(m2 —t) in B! 1 (t). Using
BT =1, we obtain a ratio

8,BI=1 (0
7”1” 11( ) By +0(m?) (114)
‘9tB1,6 (0)

which involves only physical matrix elements and is independent of any low-energy constants. It
would be interesting to test this relation in lattice QCD calculations, as this would indicate how well
the chiral expansion works at a given pion mass.
The derivatives at ¢ = 0 of the remaining chiral-even form factors have nonanalytic contributions
in the pion mass only for
9,BI=0 ,(0) = BI=02 | atBIZO(Q,ﬂ)(O),

n,n—2 n,n—2 n,n—2
,Cp=0(0) = G700 1+ 9,0 =01 (0) + 9,6, =)
atAn n— 1(0) = AI:I(ZJ) + 8tAI:l(ZJr) (0) )

nn—1 nn—1
0B (0) = B+ 0,8 0) 0,8, 17 0), (115)
with corrections of order O(m), where
9,BI=0Cm () = _ 394 (16,7 i_J_ 470
n,n—2 Ai(gu+>z2 j+1 nn—j’

j=2
even

_ T Mﬂ'g _ 5]+14) (0
0Cn"T0) = _E8T§Z : ]+1 J+3)An’(n)_j’

even
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g4

8

athU(Z’“)(O) — 3gA

m? - g 0 2
log — 9 i J 4O 4 2 M
~an (0gu2+3>j22 j+1 "1n7]+A>2< + Mc;

even

3 2 2 3
——Mecy (logm—2+1> — Mecs <logm—2 —|——>
4 7 Iz

zn:2_j JU+4) 40
)

. 116
2)| 22 GG g e (19
dven
with n even, and
I=1(2,7) 9% m? . m(0)
OtAmn_l’ (0) = —F <10g F + 1) 22 ]An,nfj
X j=1
odd
’ - IO
2 2 - (0
+ 2A§< |:(gA 1) IOg 5 (gA + 1):| ;2 ’ _H-—2 nn—j’
odd
I=1(1,7) M mgy I )
8tBnnl (0)_mA—§; ]‘m n,n—j"’
odd
1=1(2,7) 29% m? —j 47 (0)
atBn n—1 (0) F log 2 +1 Z 2 n,n—=7j
j=1
odd
2 2 1 7(0)
+A—>2< MC4(log—+1> 3212 7]+2Ann] (117)
odd

with n odd. All other chiral-even nucleon form factors receive only corrections from pion-nucleon

operators, so that their derivatives at ¢ = 0 are given by the appropriate coefficients with superscript
(2,t), which are due to tree-level contributions

For the chiral-odd nucleon form factors at ¢t = 0 we find
=0 =0 3m? m? 1=0(2
Arpk (O)ZATn,k(){l_W(2gA+l gu }+ATnk 2

2
—7=0 —7=0(0 3m? m?
BTn,k (0) = BTn,k( ) {1 2A2 (29,4 + 1 IOg M2 }

b

=0(0)  =I 3m2g> m? L ple0@m
+(ATn,,§)+BTn,§)) w s los o2,

~T=0 ~T=0(0 3m m?
ATnk: (0) = ATn,k:( ) {1 — W (2gA + ].) 10 ﬁ

k

Az B2

T
[=0(0)  3=I=0(0)\ m%¢4 . m?
}+ Ap” + 5 Bry ) !
X

1 m T K
+ A‘Tnok(2 ) + 5/4) n—2 14Tn0752 2) (0) )

=0 =0 3m m? 1=0(2,m I=0(2,7
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I=1 I=1(0 m m -1,

2
—I=1 —I=1(0 m m
BTn,k: (0) :BTn,k:( ){1_ 2A2 |:(49124+]-) lOg_2+49124:|}
% H

2

I=1(0 0)\ m%g? me  —=I=1(2 =I=1(2,7
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+ATnk( ™ +6k,n71[ATn,rE—1)( )+AanE 1)(0)] )
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~71=1 ~1=1(0 m ~I=1(2
Byt (0) =B {1 “ e [(4931 +1) log = " +4gA] } + By ™ m? (118)
with corrections of order O(m?), where
~T=0(2,7 3m g
ATn,rE—Z)(O) 4 l ZMann —j
A
eVeIl
SI1=0(2,7 TI1=0(2,7
B 0) = S LD 0) (119)

with n even, and

2

2.2 2 n
—I=1(2,) m-g m m
BTnn ;r(o): AlgﬁZMan,nfj_’_W (gA+1)log_+29A]Z]Mann 7o
j= X 1
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~I=1(1, WmMg
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ATn,n:1 (0) = A2 log 2 Z Mana”*j
X j=1
odd
2 2 2 n
1
+ m_2 74 (log m_2 + 1> — Mecylog m_2 Z = Mbpy, ,,; (120)
A K L
odd

with n odd. Our results for ATIZ’:[]1 (0), Zﬁ)l((}) and A%fl’lo(()) reproduce the expressions in [32] for the
distributions of unpolarized, longitudinally and transversely polarized quarks and antiquarks in the
nucleon. The derivatives at ¢ = 0 of the following form factors have nonanalytic contributions in the
pion mass:

1 1 K
8tA'Tn n— 2(0) 14Tnorg2 ;) + 8tATn0752 2) (0) ’

I I I T
at Tnon 1(0) BTnOn(Zf)—i_at TnO(2 )(0)7

n—1
—I= I=1(2,t I1=1(2,m
8tBTnnfl(O) BTnTE 1)+atBTnTE 1)(0)7
Oy Ay 1(0) = Ap 20 + 0,47, 17 (0) + 9, A7, 27 (0), (121)
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where corrections are of order O(m) and

aZIZO(Q’”)(O) — _ﬁ 1Ogm_2 +1 3 LM(, .
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with odd n. As a consequence of the relations (I04]), we find the following correspondence between
the corrections (I19), (120), (122, (I23) from pion loop insertions to chiral-odd form factors and
their chiral-even counterparts (I08]), (I09), (I16), (I17):

A1=0 1 pI=0 T1=1 1 pl=1 BI=1 1 gI=1
ATn,nf2 A §Bn,n72 ATn,nfl A _ZBn,nfl BTn,nfl A §An,n71 (124)
when the low-energy constants are interchanged as Mby,, ,_; <> 277 jAZfT?)_ i

Let us also give the expressions of form factors and their derivatives at ¢ = 0 for the moments of
pion GPDs. For the chiral-even moments, the expressions given in [12] result in

AZ,(IS) + AZ,(I?’m)mZ + 0k n AZ,(TZ;Q) for even n,
Ak (0) = 2 2 (125)
n, AZ’(IS) (1 — ZL—2 log %) + A;r’(k?,m)m2 + 6k,n71 Az,(j@f)l for odd n,
X
with corrections of order O(m?) and
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Using the relation (II0) one thus has

2 2

AT (0)= AT 4 T g [zB T _gr O AT 2 4 O(m?) (127)
’ p?

n,n—1 A2 n,n—1 n—1

with n odd. For the chiral-odd moments we have with (I05]) and (06

3 2 2
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where corrections are again of order O(m*) and
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The only nonanalytic contributions in the pion mass for the derivatives of form factors are
0, A7 ,(0) = A”(”)Jri lo +1 221 Z gi_JU+4) w0
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_pgren 1 1 (0)
0By 1(0) =Bp, )y — v <log " + 1) ;2 J D) By s (130)
odd

where the second index is always even and corrections are of order O(m?).

Let us finally take a look at moments of parton distributions whose values are fixed by quantum
numbers for arbitrary values of the pion mass, see e.g. [32, [33]. For A7 ((0) one readily finds that
the explicit chiral logarithm in (I25]) cancels against the one in (I26]). This is required to ensure the
quark number sum rule

1
10(0) = /de( — Uy — dy + dr) =2 (131)

in the pion, which also implies ATIF’E)O) =2 and ATIF’E)Z’m) = 0. With this one also finds that our result
(I07) is consistent with the quark number sum rules

1
A0 = [(dru-ara-d) =3, AFO= [ w@-a-dra) =1 (3

in the proton, provided that A{’:OU(U) =3, A{’:Ol( ) =1 and A{ 00(2 m) A{’:Ol(Z’m) =0.

10 Summary

In this paper and its companion [I3] we have calculated the chiral corrections to the full set of twist-
two generalized parton distributions in the nucleon, using heavy-baryon chiral perturbation theory.
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For each form factor parameterizing the moments of these distributions, our results include the order
O(q?) relative to its lowest-order expression. We have presented a detailed account of the power
counting and of the operators that can contribute to the chiral order we consider. We find that the
operator structure is relatively simple in the basis of form factors specified by (@) and (78). With
the exception of Mn,k and MTn,k only those pion-nucleon operator insertions contribute to the loop
corrections of a given form factor which already provide its lowest-order expression at tree- level
Furthermore only operators with 74 or 77} from (28] and (88) contribute, but not those with 7=
or 72L. Our analysis also shows that these simplifications will no longer hold at higher orders in the
chiral expansion.

Expressing our results in the basis of form factors parameterizing the moments of the usual nucleon
GPDs, we find that with the exception of A{jeo and C!=0 all form factors receive chiral corrections
from loop graphs with nucleon operator insertions (see Fig. ). They are of relative order O(q?) and
contain logarithmic terms m? log(m?/u?), but are independent of ¢ and of the indices n, k. In several
cases these corrections involve a mixing between different form factors: B, ; receives corrections
involving not only its own lowest-order expression but also the one of An k» s seen in (IEZZI) Likewise,
there are corrections to B & from An k, tO BTn i from Ay j, and to ATn i from App .+ 5 BTn k- We
note that no such mixing occurs for the linear combinations A,, ;, + By, ;. and A7y, 1 + BTn,k

Further corrections are due to loop graphs with pion operator insertions (see Fig.[2h and b). They
only occur for form factors which are accompanied by the maximal number of vectors A, in the
decomposition of the associated matrix element, or by one factor less. Due to the quantum number
restrictions for pion operators, they only occur for even n in the isosinglet and for odd n in the

isotriplet sector. Corrections starting at order O(q) are obtained for C1=°, BI nl ; and ATn n-1> and

A%Tl?n_Q, B%n?n_l, Al=1 mn—1 and B%n}n_l. To order O(q?),
the corrections for C!=0 involve the low-energy constants ci, ca, c3 from the pion-nucleon Lagrangian
(I8]), whereas those for B7Iz,:nlq and Z{pfllnfl involve c¢4. The corrections from pion operator insertions
depend on ¢t. They are responsible for a nonanalytic pion mass dependence of the derivatives of
form factors at ¢ = 0, namely a 1/m behavior for 9,CL=°(0), 0 Bnn 1(0) and OATnn 1(0) and a
log(m?/p?) behavior in the other cases. We note that these corrections also determine the onset of
the two-pion cut at timelike ¢ for the form factors in question.

The pseudoscalar form factors Bn .- receive corrections from one-pion exchange (see Fig. 2k).
They take the very simple form ([68]) when expressed in terms of physical quantities. In particular,
we find that the ratio atBn L0)/ atfé{jl(o) of derivatives is given by the moment B] of the pion
distribution amplitude, with corrections of order m3. It would be interesting to test this prediction
of chiral symmetry in lattice QCD calculations.

We have finally evaluated the corrections to the chiral-odd pion GPDs at order O(¢?), thus com-
plementing the calculation [I2] for the chiral-even sector. A compilation of our results for the values
and derivatives at ¢ = 0 of all moments of nucleon and pion GPDs is given in Section [l

corrections starting at order O(q?) for B0 ,,
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