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Abstract

We discuss the first moments of the parity-even Generalized Parton Distributions (GPDs) in a
nucleon, corresponding to six (generalized) vector form factors. We evaluate these fundamental
properties of baryon structure at low energies, utilizing the methods of covariant Chiral Perturbation
Theory in the baryon sector (BChPT). Our analysis is performed at leading-one-loop order in
BChPT, predicting both the momentum and the quark-mass dependence for the three (generalized)
isovector and (generalized) isoscalar form factors, which are currently under investigation in lattice
QCD analyses of baryon structure. We also study the limit of vanishing four-momentum transfer
where the GPD-moments reduce to the well known moments of Parton Distribution Functions
(PDFs). For the isovector moment (x),_q our BChPT calculation predicts a new mechanism for
chiral curvature, connecting the high values for this moment typically found in lattice QCD studies
for large quark masses with the smaller value known from phenomenology. Likewise, we analyze the
quark-mass dependence of the isoscalar moments in the forward limit and extract the contribution
of quarks to the total spin of the nucleon. We close with a first glance at the momentum dependence
of the isoscalar C-form factor of the nucleon.
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1 Introduction

Understanding the structure of the nucleon arising from the underlying dynamics of quarks and
gluons—governed by the theory of Quantum-Chromo-Dynamics (QCD)—is still one of the major
challenges in nuclear physics. About a decade ago the concept of Generalized Parton Distributions
(GPDs) has emerged among theorists, constituting a universal framework bringing a host of seemingly
disparate nucleon structure observables like form factors, moments of parton distribution functions,
etc. under one theoretical roof. For reviews of this very active field of research we refer to [IJ.

Working in twist-2 approximation, the parity-even part of the structure of the nucleon is encoded
via two Generalized Parton Distribution functions H?(x,,t) and Ef(x,£,t). For a process where
the incoming (outgoing) nucleon carries the four-momentum pf (p§) we define two new momentum
variables

AF=ph — s p=(p} +ph)/2. (1)

The GPD variable = then corresponds to Bjorken-z, which in the parton model of the nucleon can
be interpreted as the fraction of the total momentum of the nucleon carried by the probed quark gq.
t = A? denotes the total four-momentum transfer (squared) to the nucleon, whereas the “skewdness”
variable £ = —n - A/2 with n - p = 1 interpolates between the ¢- and the z-dependence of the GPDs.
Throughout this work we focus on the non-perturbative regime of QCD: —t << 1 GeV?, i.e. the realm
of strongly interacting matter in our solar system making up humans, planets, etc.. We are therefore
utilizing the methods of Chiral Effective Field Theory (ChEFT) for our analysis [2].

The 3-dimensional parameter space of GPDs is vast and rich in information about nucleon structure.
The experimental program of their determination is only at the beginning at laboratories like CERN,
Desy, JLAB, ... [I]. However, moments of GPDs can be interpreted much easier and are connected
to well-established hadron structure observables. E.g. the zero-th order (Mellin-) moments in the
variable x correspond to the contribution of quark ¢ to the well known Dirac and Pauli form factors
Fi(t), Fa(t) of the nucleon:

1
/_ldajxoﬂq(az,f,t) = Fl(1), (2)

1
/_1dmx0Eq(:n,£,t) — ). (3)

For the case of 2 light flavors the isoscalar and isovector Dirac and Pauli form factors of the nucleon
have been studied at low values of ¢ at the one-loop level in Chiral Effective Field Theory, both in
non-relativistic [3] and in covariant [4] 5] schemes. The chiral extrapolation of these form factors for
lattice QCD data with the help of ChEFTEl has been discussed in refs.[8] [@, 10} 11], whereas the status
of the experimental situation is reviewed in ref.[12].

'In a field theory like ChEFT the result obtained at a given order in the perturbative expansion is independent of the
the choice of regulator applied to the UV-limit of the diagrams. (For an explicit demonstration we refer to the comparison
between cutoff- and dimensional-regularization for the mass of the nucleon in HBChPT in ref.[6]). Nevertheless, forms
of UV-regulators for HBChPT loop diagrams have been proposed in the literature, which effectively amount to modeling
short-distance contributions of higher orders. The resulting chiral extrapolation functions have then been utilized to
extend the limit of applicability of such one loop calculations towards large momentum transfer [¢| ~ 1 GeV? and
towards the heavy-quark limit. Here we do not advocate such an approach, but for recent work in this direction we refer

to ref.[7].



In this work we want to focus on the first moments in x of these nucleon GPDs
1
[ dramen = A5+ (-292Ch00) (4)

1
/ZMwW@@w = BI(t) — (~262 L), (5)

1

where one encounters three generalized form factors Agp(t), ng(t), Cgo(t) of the nucleon for each
quark flavor ¢. For the case of 2 light flavours the generalized isoscalar and isovector form factors
have been analyzed in a series of papers at leading-one-loop order in the non-relativistic framework of
HBChPT, starting with the pioneering analyses of Chen and Ji as well as Belitsky and Ji [13 [14], 15} 16].
In this work we want to provide the first analysis of these generalized form factors utilizing the methods
of covariant Baryon Chiral Perturbation Theory (BChPT) for 2 light flavors, pioneered in ref.[4].
Utilizing a variant of Infrared Regularization [I7] for the loop diagrams, our BChPT formalism is
constructed in such a way that we exactly re roduceﬁ the corresponding HBChPT result of the same
chiral order in the limit of small pion masseﬁ

We note that (at ¢ = 0) a covariant BChPT calculation differs from a non-relativistic one—provided
both are performed at the same chiral order D—by an infinite series of terms ~ (m,/Mj)"™, where
My denotes the mass of the nucleon (in the chiral limit), estimated to be around 890 MeV [19]. Such
terms quickly become relevant once the pion mass m, takes on values larger than 140 MeV, as it
typically occurs in present-day lattice QCD simulations of (generalized) form factors. Aside from this
resummation property in (1/Mp)™, we note that the power-counting analysis determining possible
operators and allowed topologies for loop diagrams at a particular chiral order (see section B3) is
identical between covariant and non-relativistic frameworks. Both schemes organize a perturbative
calculation as a power series in (p/ AX)D , where p corresponds either to a small 3-momentum or to the
mass of the pion, whereas A, ~ 1.2 GeV denotes the scale of chiral symmetry breaking. Finally, we
would like to note that the first moments of nucleon GPDs have also been studied in constituent quark
models (e.g. see ref.[20]) and chiral quark soliton models (e.g. see ref.[21]) of the nucleon, which—in
contrast to ChEFT—can also provide dynamical insights into the short-distance structure present in
the generalized form factors.

This paper is organized as follows: In the next section we specify the operators with which we
are going to obtain information on the three generalized isoscalar and the three generalized isovector
form factors of the nucleon. In section [3] we portray the effective chiral Lagrangean required for
the calculation, immediately followed by the sections containing our leading-one-loop results of the
generalized form factors in the isovector (section M) and in the isoscalar (section [l) matrix elements.
A summary of the main results concludes this paper, while a few technical details regarding the
calculation of the amplitudes in covariant BChPT are relegated to the appendices.

2 Extracting the First Moments of GPDs

2.1 Generalized Form Factors of the Nucleon

In Eqgs.(@B]) of the Introduction it was shown that the first moments of nucleon GPDs are connected
to three generalized form factors. In lattice QCD one can directly access the contribution of quark

2We note that this property is not shared by all regularization schemes proposed for covariant BChPT during the
past few years [18].

3Technically speaking, for such a comparison one has to expand the results of loop diagrams in BCHPT in terms of
1/(1672 F2 M), where n is determined by the order of the HBChPT calculation and F; denotes the pion decay constant.



flavor ¢ to these generalized form factors of the nucleon by evaluating the matrix element [I]

Bio(A?) . G35(A?)
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The brackets {...} denote the completely symmetrized and traceless combination of all indices in an
operator. u (@) is a Dirac spinor of the incoming (outgoing) nucleon of mass My, for which the quark
matrix-element is evaluated. In ChEFT we employ the same philosophy and also extract information
about the first moments of nucleon GPDs of Eq.([) via a calculation of the generalized form factors
according to Eq.(@).

Studying a strongly interacting system with 2 light flavors in the non-perturbative regime of QCD,
with the methods of ChEFT one can only directly access the singlet (s) and triplet (v) contributions
of the quarks to the the three form factors:

oL = —onl s _ B§70(A2) o _ CE’O(AQ) 11
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(7)
T PR _ Bo(A?) _ Ch o(A?) 17
i@y Doy alphu—a = (@) | A5 o(A*)VuD,y — o A% o, Dyy + SV Al | 5 ulp).

Note that the shown 2 x 2 unit matrix 1 and the Pauli-matrices 7%, a = 1,2, 3 on the right hand sides
of Egs.(@R]) operate in the space of a (proton,neutron) doublet field.

At present, not much is knowrﬂ yet experimentally about the momentum dependence of these 6
form factors. The main source of information at the moment is provided by lattice QCD studies of
these objects (e.g. see refs.[22] 23] 24]). Given that present-day lattice simulations work with quark-
masses much larger than those realized for u and d quarks in the standard model, one also needs
to know the quark-mass dependence of all 6 form factors, in order to extrapolate the lattice QCD
results down to the real world of light u and d quarks. This information is also encoded in the ChEFT
results, typically expressed in form of a pion-mass dependence of the observables under study. (The
connection between the explicit breaking of chiral symmetry due to non-zero quark-masses and the
resulting effective pion-mass is addressed in section [3.2)

The need for a chiral extrapolation of lattice QCD results for the generalized form factors of the
nucleon leads to a further complication in the analysis: One needs to be aware that it is common
practice in current lattice QCD analyses that the mass parameter My in Eqs. ([@R]) does not correspond
to the physical mass of a nucleon, instead, it represents a (larger) nucleon mass consistent with the
values of the quark-masses employed in the simulation. Fortunately the quark-mass dependence of
My has been studied in detail in ChEFT, both in non-relativistic [6] and in covariant frameworks [19].
The next-to-leading one-loop chiral formulae of ref.[I9] provide a stable extrapolation functionﬁ up to

4When adding on the contributions from gluons to the isoscalar quark matrix-elements of Eq.([@) one obtains A;j;g(t =
0) =1 and By }%(t =0) =0 [14].
SRecent claims in the analysis of ref.[25] reporting a possible breakdown of the chiral extrapolation formula for large

pion masses at O(p°) level in our opinion are due to an insufficient quark-mass dependence of the vertices entering the
HBCHPT formula at that order. This issue is under discussion [I§].



ga | Fr [GeV] | My [GeV] | ¢1 [GeVT] | o [GeVTY | 3 [GeVT1] | €1 (1GeV) [GeV 3] | 6i
1.2 0.0924 0.889 -0.817 3.2 -3.4 1.44 0

Table 1: Input values used in this work for the numerical analysis of the chiral extrapolation functions.

effective pion-masses ~ 600 MeV. In this work we utilize the O(p*) BChPT result (see Appendix [C)
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in order to correct for the mass effects in Eqgs.(@8]). The coupling constants occurring in this formula
are described in detail in ref.[19]. Possible effects of higher orders can be estimated as O(p°) ~ & MT—;’L:T,
where 0y could be varied within natural size estimates —3,...,+3 [I§].

We note that the trivial, purely kinematical effect of My = My (m,) in Egs.([@R]) could induce quite
a strong quark-mass dependence into the form factors By (t), Cy(t) and might even be able to mask
any “intrinsic” quark-mass dependence in these form factors. We are reminded of the analysis of the
Pauli form factors Fy'"(t) in ref.[9], where the absorption of the analogous effect into a “normalized
magneton” even led to a different slope (!) for the isovector anomalous magnetic moment x, = Fj (t =
0) when compared to the quark mass dependence of the “not-normalized” lattice data. We therefore
urge the readers that this effect should be taken into account in any quantitative (future) analysis of
the quark-mass dependence of the generalized form factors By(t), C3(t) as well. For completeness—
based on the extensive studies of ref.[I9]—we suggest a set of couplings in table [l to be used in Eq.(3])
from which one can estimate the impact of this effect in the matrix elements of Eqs. (7 B)).

Finally, we note that in the forward limit ¢ — 0 the generalized form factors Ag:g(t = 0) can be
understood as moments of the ordinary Parton Distribution Functions (PDFs) ¢(x), q(z) [1:

1
(Whura = AYY(t=0) = /O dr z (q(z) + 7(2)) - (10)

Experimental results exist for (z) in proton- and “neutron-” targets, from which one can estimate
the isoscalar and isovector quark contributions at the physical point [26] at a regularization scale p.
In this work we choose p = 2 GeV for our comparisons with phenomenology. In section 1] we
attempt to connect the physical value for (z),_4 with recent (preliminary) lattice QCD results from
the LHPC collaboration [24], whereas in section [5.]] we analyse the quark-mass dependence of ()14
with (quenched) lattice QCD results from the QCDSF collaboration [22].

5Note that this p-dependence is not part of the ChEFT framework, as it clearly involves short-distance physics.
However, all chiral couplings specified in section Bl carry an implicit py-dependence (which we do not indicate), as soon
as they are fitted to lattice QCD data or phenomenological values which do depend on this scale.



2.2 Generalized Form Factors of the Pion

The first moment of a generalized parton distribution function in a pion HL(z,&,t) can be defined
analogously to the case of a nucleon discussed above. One obtains [I]

/1 dex Hi(z,6,1) = AL(t) + (—26)* CL(b). (11)
-1

The two functions A%(t), CZ(t) are the generalized form factors of the pion, generated by contributions
of quark flavor ¢. In the forward limit one recovers the first moment of the ordinary parton distribution
functions in a pion:

1
() = AL(t=0)= /O dr i (q(x) + 4(x)) (12)

In the analysis of the isoscalar GPD moments of a nucleon we encounter tensor fields directly inter-
acting with the pion cloud of the nucleon. One therefore needs to understand the relevant pion-tensor
couplings in terms of the 2 generalized form factors A, (t), Cx(t). We note that the two generalized
form factors of the pion have been analysed at one-loop level already in ref.[27] for the total sum
of quark and gluon contributions, whereas the quark contribution to the form factors as defined in
Eq.([IT) has been the focus of the more recent work [28].

3 Formalism

3.1 Leading Order Nucleon Lagrangean
The well-known leading order Lagrangean in BChPT is given as [4]

_ 0
LY =0y {W“Du — My + %7“75%} YN, (13)
with
. P )
Dypn = {8 — w(o) 3 [ f 8uu} — §uT (Dy + ay)u Eu (Dy — ay) uT} UN, (14)
u, = u'V,Udl. (15)

U = u? corresponds to a non-linear realization of the (quasi-) Goldstone boson fields, Uy, a, denote
(0)

arbitrary isovector vector, axial-vector background fields, while v, is the isosinglet vector background
field. The covariant derivative VU is defined as

V.U = 8,U — i (0, + ) U + iU (3, — ) - (16)

Finally, we note that the coupling g% denotes the axial-coupling of the nucleon (in the chiral limit),
whereas My corresponds to the nucleon mass (in the chiral limit).

We now want to extend this Lagrangean to the interaction between external tensor fields and a
strongly interacting system at low energies. In this work we focus on symmetric, traceless tensor fields
with positive parity in order to calculate the generalized form factors of the nucleon. In particular,
we utilize the (chiral) tensor structures

1
V;,L:It/ = 5 <g/wcguﬁ +g,uﬁguoe - dg;wgaﬁ> ( TV u =+ uvaﬁ T) 5
1 2 1
V;?y = 5 (.g,uaguﬁ + 9uB89va — dQuuQaﬁ) of 5 (17)
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We note, that the chiral tensor fields VjE transform as hVi h' under chiral rotations, where h cor-
responds to the standard compensator ﬁeld of 2 flavour ChPT [4], whereas VO is a chiral singlet.
Chiral transformation properties for all remaining structures in our Lagrangeans are standard and

can be found in the literature. The right- and left-handed fields Vig’L) are related to the symmetric
(isovector) tensor fields of definite parity foﬁ’ aflﬁ, 1=1,2,3 via

. . Ti
Vah = (vap +ahs) x BR
v = (v ,—d T 18
af (Uaﬁ aaﬁ) X 9 ( )

while 9,4 denotes the symmetric isoscalar tensor field of positive parity.
In order to study possible interactions with external tensor fields originating from the leading order
Lagrangean Eq.(I3]), we re-write it into the equivalent form

.<— —~—
Ly = wN{ ("G D* = D" gar) = Mo + .. } on, (19)
with
—~ aé),o
G = G +asVe, + 7V,j,:. (20)

The coupling a3 (a3 ) has been defined such that it corresponds to the chiral limit value of (z), 4
({(*)u+a) defined in Eq.([I0). We note that the coupling a3, is allowed to be different from unity, as we
only sum over the u 4+ d quark contributions in the isoscalar moments, but neglect the contributions
from gluons. While this separation between quark- and gluon-contributions does not occur in nature,
it can be implemented in lattice QCD analyses at a fixed renormalization scale (e.g see refs.[22] 23] 24]).

While the construction of the parity-even tensor interactions with a strongly interacting system
started from the O(p) BChPT Lagrangean, inspection of the resulting Lagrangean Eq.([I9) reveals
that the leading interactions actually start out at O(p"), as we do not assign a chiral power p" to any
of the tensor fields. Furthermore, symmetries allow the addition of the parity-odd tensor interaction
~ V. We finally obtain

1_ Aal
EE?N = 57/11\/ {i’Y“ <a§70V£l, + - V+ 20y~ Y 5) DY

2 I

= 0 . 59 Aaj 0
_ZDV7“ <a§,0v,¢w + TV:; + 2 ,uy75> } (O (21)
with the coupling Aaj , corresponding to the chiral limit value of the axial quantity (Az), 4 [29].

The O(p') part of the leading order pion-nucleon Lagrangean in the presence of external symmetric,
traceless tensor fields with positive parity then reads

_ 0 bv
'C;lr)]\f = Yy {Z'VMD;L — My + %7“75“# + 8M (ZUau [Ba, V-ﬁw} By + h.c.>
b5 o — —
: o Y
+4M (mu [v VY } D,,+h.c.> +...}¢N, (22)

where we have introduced V< = 9% —ivf,,. The two new couplings by o, b5 ¢ can be interpreted as the
chiral limit values of the form factors B3 ((0), B3 (0) in the limit ¢ — 0. No further structures enter



our calculation at this orderﬁ. Finally, we note that the coupling b5 is only allowed to exist because
we do not sum over the gluon contributions in the isoscalar moments, otherwise this form factor is
bound to vanish in the forward limit Bgfgg(t =0) =0 [30].

3.2 Consequences for the Meson Lagrangean

The choice of assigning the chiral power p® to the symmetric tensor fields VHL,,’R’O also has the conse-

quence that the well-known leading-order chiral Lagrangean for 2 light flavours in the meson sector
[31] is modified:

F? .
2= ZO Ir [WUT (¢" + 422V )V, U + Xx'U + XUT] . (23)

L

We note that the new coupling 2% has been defined such that it corresponds to the chiral limit value
of (z), of Eq.(I2). It is allowed to differ from unity because we only sum over the quark-distribution
functions in the isoscalar channel and neglect the contributions from gluons.

The explicit breaking of chiral symmetry via the finite quark masses is encoded via

X =2By(s+1p), (24)

if one switches off the external pseudoscalar background field p and assigns the 2-flavour quark mass-
matrix M, to the scalar background field 5. To the order we are working here we obtain the resulting
pion mass m, via

m2 = 2 Byrin + O(M,?), (25)

where m = (m,, + mg)/2 and By corresponds to the value of the chiral condensate. The other free
parameter at this order Fj can be identified with the value of the pion-decay constant (in the chiral
limit).

3.3 Power-counting with tensor fields in BChPT

We start from the general power-counting formula of Baryon ChPT:

D = 2L+1+) (d—2)N}" +> (d—1)N}'". (26)
d d

D denotes the chiral dimension p” of a particular Feynman Diagram, L counts the number of loops in
the diagram, whereas the variables N C]lV[ "MB ount the number of vertices of chiral dimension d from
the pion (M) and pion-Nucleon (M B) Lagrangeans.

To leading order we only have the tree level contributions from the p’-Lagrangean of Eq.(2I]) with
L=0, NM =o, NéWB =1, resulting in D = 0.

At next-to-leading order D = 1 we find additional tree level contributions from the p' Lagrangean
of Eq.@2) with L =0, N =0, NMB =1.

The first loop contributions enter at D = 2 with L = 1, NQM = 0, NéVIB = 1 plus possible con-
tributions from NlM B The corresponding diagrams are shown in Figll Diagram (e) in that Figure
represents (loop) corrections from the nucleon Z-factor (given in appendix [C) which at this order
renormalize only the tree-level tensor couplings of the p’-Lagrangean. Note that there is an additional
possibility of obtaining D = 2 contributions via L = 0, N2M =0, N2M B — 1, corresponding to further
tree level contributions discussed in the next subsection.

"We only show those terms where the tensor fields couple at tree level without simultaneous emission of pions, photons,
etc., as these are the relevant terms for our O(pz) calculation of the form factors according to the power-counting analysis
of subsection
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Figure 1: Loop diagrams contributing to the first moments of the GPDs of a nucleon at leading-one-
loop order in BChPT. The solid and dashed lines represent nucleon and pion propagators respectively.
The solid dot denotes a coupling to a tensor field from the O(p°) Lagrangean of Eq.(2I)). Aside from the
trivial unity-contribution, wavefunction renormalization to the couplings of the order p' Lagrangean
only start to contribute at next-to-leading one loop order.

Figure 2: (Isoscalar) tensor field coupling to the pion cloud of the nucleon. This process only starts
to contribute at next-to-leading one-loop order in BChPT.

In this first paper we will stop with our analysis of the generalized form factors at the D = 2, i.e.
O(p?) level, corresponding to a (covariant) leading-one-loop calculation. The next-to-leading one-loop
effects of D = 3 will be postponed to a later communication [32].

The (perhaps) surprising finding of this powercounting analysis is the observation that the tensor
coupling to the pion field controlled by the coupling 20 in Eq.([23) does not contribute at leading-
one-loop order! It only starts to enter at D = 3 via L = 1, NM =1 and NMP =1 or 2. (The
corresponding diagram for N{¥# = 2 is shown in Fig[Z, while the not-shown diagram for N5 =1 is
expected to sum to zero due to isospin-symmetry.) We therefore note that the generalized form factors
of the nucleon behave quite different from the standard Dirac and Pauli form factors of the nucleon,
where the pion-cloud interactions with the external source a la Figl2] are part of the leading-one-loop
result and play a prominent role in the final result. We will discuss the impact of this particular D = 3
contribution further in section [5.3] when we try to estimate the possible size of higher order corrections
to our O(p?) analysis.

We now move on to a discussion of the tensor interactions in the O(p?) Lagrangean which are
present at D = 2 according to our analysis.



3.4 Next-to-leading Order Nucleon Lagrangean

At next-to-leading order the covariant BChPT Lagrangean for 2-flavour QCD contains 7 indepen-
dent terms in the presence of general scalar, pseudoscalar, vector and axial-vector background fields,
governed by the couphngﬁﬁ c1,...c7 [33]. Extending this scenario to symmetric and traceless tensor
background fields with positive parity, the symmetries allow the construction of siz additional terms
to describe the interaction at tree-level to this ordelﬁ

£P =5 B A Tr(xs ) Vi DY + hec. s
tnN — 4M2 N X+ ,uz/fy -C. N

— —
+ —2 ZZ)N{TT(XJr)W”iDV + h-C-}¢NV,?u

with x+ = ufyu! + uxfu. The physics behind these couplings ¢;, i = 8,...13 with respect to the
generalized form factors of the nucleon is quite simple: cg (cg) governs the leading quark-mass insertion
in ()y—q ((x)y+d), whereas the couplings cio, c11 give the values of the generalized form factors
C3(0), C54(0) in the double limit t — 0, mz — 0. We can therefore denote them as ¢, c5 .
Finally, the couplings c12, ¢13 parametrize the contributions of short-distance physics to the slopes of
the generalized form factors A3 ((t), A3 ((t) (in the chiral limit). Note that the operator controlled by
the coupling cg is not allowed to exist when we add the gluon-contributions on the left hand side of
Eq.([) [34].

After laying down the necessary effective Lagrangeans for our calculation, we are now proceeding to
the results of our calculation.

8The couplings ¢g and ¢7 are often denoted as k9 and £° in the literature, as they constitute the leading terms in the
isovector and isoscalar Pauli form factor of the nucleon [4].
9More couplings will appear when one wishes to extend this to more general scenarios.



4 Generalized isovector Form Factors in O(p?) BChPT

4.1 Moments of the isovector GPDs at ¢t =0

In this subsection we present our results for the generalized isovector form factors of the nucleon at
t = 0. For the PDF-moment A3 ,(t = 0) we obtain to O(p?) in BChPT

20(0) = (Z)u-da

al ym2 2 m2 m2
o T 1)1 — 204 +¢4—=(1+31
(47TF7|—)2{ (3gA+ ) 0g <5 )\2 ga +gAMg< +3 0og Mg)

12mj1r10 m2+ 2 Mm 14 — 8 2 m4 arccos M
294N %8 12 Z D —m2 YR 20,

Aay jgam 2 2 4 2 9m (AM2 — m2 3 )
—i—ﬂ{fn <1+3logm> iz ~ log T mx(4My = mz)? arccos<%>

3(drF,)? | M2 MZ) T ME 2 M 0
(T) A
+4m?2 M(2)+O(p3). (28)

Many of the parameters in this expression are well known from analyses of chiral extrapolation func-
tions. Numerical estimates for their chiral limit values can be found in table[Il Furthermore, in a first
fit to lattice data we constrain the coupling Aaj , from the phenomenological value of (Ax)?, }1667' ~ 0.21
via [29]

(Ax)y—q = Adas g+ O(m7) (29)
and perform a 2-parameter fit with the couplings as o cg)(lGeV) at the regularization scale A = 1
GeV. We fit to the (preliminary) LHPC data for this quantity as given in ref.[24], including lattice data
up to effective pion masses of m, ~ 600 MeV. The resulting values for the fit parameters together
with their statistical errors are given in table 2] and the resulting chiral extrapolation function is
shown as the solid line in FiglBl We note that the extrapolation curve tends towards smaller values
for small quark-masses, but does not quite reach the phenomenological value at the physical point,
which was not included in the fit. We have therefore tested what might happen if we estimate possible
corrections to the solid curve arising from higher orders. From dimensional analysis we know that the

3
leading chiral contribution to (z),_4 beyond our calculation takes the form O(p3) ~ 4 AT—]’\T/[O +
X

Constraining 4 between valued'q —1,...,+1 and repeating the fit with this uncertainty term included
leads to the grey band indicated in Figl3l Reassuringly, the phenomenological value for (z), 4 lies
well within that band of possible next-order corrections, giving us no indication that something may
be inconsistent with the large values for (x),_4 typically found in lattice QCD simulations for large
quark-masses. The resulting values for the couplings as o cg)(lGeV) of Fit I are also well within
expectations.

We note that the mechanism of the downward-bending at small quark-masses in A3 ;(0) found
in Eq.([28) is quite different from what has been discussed so far in the literature within the non-
relativistic HBChPT framework (e.g. see ref.[35]). In order to demonstrate this we truncate Eq. (28]

10 The natural size of all couplings in the observables considered here is below 1, as all coupling estimates in this section
refer to a moment of a parton distribution itself normalized to unity. For this estimate we assume that the observable
under consideration has a well behaved chiral expansion, with the dominant contribution provided by the leading term
in the chiral expansion. This expectation is confirmed by the fit values of tables 2] and Bl extracted for the investigated
coupling constants.
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Figure 3: “Fit I" of the O(p?) result of Eq.(28) to the (preliminary) LHPC lattice data of ref.[24].
The corresponding parameters are given in Table[2l Note that the phenomenological value at physical
pion mass was not included in the fit. The grey band shown indicates the estimate of possible O(p?)
corrections as discussed in the text.

Fit I (4 points - 2 parameter) | Fit II (641 points - 3 parameter)
as 0.157 £ 0.006 0.141 +£ 0.0057
Aaj 0.210 (fixed) 0.144 £ 0.034
c5(1GeV) -0.283 £ 0.011 -0.213 £ 0.03

Table 2: Values of the couplings resulting from the two fits to the LHPC lattice data for (x),_g4.
The errors shown are only statistical and do neither include uncertainties from possible higher order
corrections in ChEFT nor from systematic uncertainties connected with the lattice simulation.

at 1/(1672 F2Mp) to obtain the exact O(p?) HBChPT result of refs.[36] 37]:

. . m? m2 e’ (V)
A2,0(0)|§Z{B0hPT = (12’0{1 — m <2g?4 + (39?4 + 1) log v)} + 47713‘. 8Mg
1
+0 <71 . MO> . (30)

As already stated in the Introduction, the covariant BChPT scheme used in this work is able to repro-
duce exactly the corresponding non-relativistic HBChPT result at the same order by the appropriate
truncation in 1/(1672 F2Mp).

Fit I is certainly constricted by the assumption that we use the physical value of <A$>Z}ie; "~ 0.21
for the coupling Aago, which presumably takes a value in the chiral limit a bit smaller than the
phenomenological value at the physical point [29]. Furthermore, in order to also compare the O(p?)
HBChPT result of Eq.@0) with the O(p?) covariant BChPT result of Eq.([28]) we perform a second
fit: We fit the covariant expression for (z),_4 of Eq.([28]) again to the LHPC lattice data, this time,
however, we constrain the coupling Aago in such a way, that the resulting chiral extrapolation curve

reproduces the phenomenological value of <x>’u)}f§ "~ = 0.160 £ 0.006 [26] exactly for physical quark
masses. The parameter values for this Fit II are again given in table [ whereas the resulting chiral
extrapolation curve of the covariant O(p?) expression of Eq.(28) is shown as the solid line in Figldl

11



First, we would like to emphasize that the curve looks very reasonable, connecting the physical point
with the lattice data of the LHPC collaboration in a smooth fashion. Second, we note that the
resulting values for the couplings a3, Aaj ; underlying this curve are very reassuring, indicating that
both (x),_q and (Az),_4 are slightly smaller in the chiral limit than at the physical point! Likewise,

the unknown quark-mass insertion cg) contributes in a strength just as expected from natural sizes

estimates. For the comparison with HBChPT we now utilize the very same valuedH] for aj o and cg)
of Fit IT as given in table @ The resulting curve based on the O(p?) HBChPT formula of Eq.(30)
is shown as the dashed curve in Figldl One observes that this leading-one-loop HBChPT expression
agrees with the covariant result between the chiral limit and the physical point, but is not able to
extrapolate on towards the lattice dat. However, we note that all our numerical comparisons with
HBChPT results shown in the figures of section @ and [{ are based on the assumption that the D=2
fit values found in tables 2] and [3] are already reliable estimates of the true, correct values of these
couplings in low energy QCD. Clearly, the shown HBChPT curves might have to be revised if future
D=3 analyses [32] lead to substantially different numerical values for these couplings. The true range
of applicability of HBChPT versus covariant BChPT can only be determined, once the stability of
the employed couplings is guaranteed. A study of higher order effects is therefore essential also in
this respect. Ideally we would like to reanalyse the results of Fit II by first fixing the couplings from
a fit of the HBChPT formula of Eq.([30) and then study the resulting O(p?) BChPT curve for this
observable. However, a fit to the present set of lattice data shown in Figl3l leads to a curve that is
not compatible with the 2 lightest lattice points and lies significantly below the grey band shown in
Fig[Bl—even down to the chiral limit. We will study this issue further in ref.[32].

Keeping these caveats in mind, at this point we conclude that the smooth extrapolation behaviour
of the covariant O(p?) BChPT expression for (z),_4 of Eq.([Z8]) between the chiral limit and the region

n
of present lattice QCD data is due to an infinite tower of ("&—g) terms. According to our analysis

the chiral curvature resulting from the logarithm of Eq.([30) governing the leading-non-analytic quark-
mass behaviour of this moment is not responsible for the rising behaviour of the chiral extrapolation
function, as had been hypothesized in ref.[35]. It will be interesting to see how well our O(p*) BChPT
extrapolation formula for (z),_4 will perform, once the new lattice QCD data from dynamical simu-
lations at small quark masses for moments of GPDs become available [39].

Finally, we are discussing the O(p?) BChPT results at ¢ = 0 for the remaining two generalized isovector
form factors of the nucleon at twist-2 level. One obtains

My(my) — a8o93ms m?2 m2 m2
By (t=0) = b} : 3+log—=% | — —%(2+3log —=%
20t =0) 2070 aerz (0T T\t TR g
mi m2 2m m2 m m
e 2" (5 _glim y 'm o 3 1
+ : og 2 ﬁM&—m% (5 5 ; + 61) arccos (2 0>}+(’)(p ), (31)

' The covariant BChPT approach applied in this work guarantees that the chiral limit value for an observables is
mandated to be the same in both frameworks. For this specific case this implies that there is one unique set of numerical
values to be determined for the couplings a3 ; and cg)7 regardless of the ChEFT scheme employed.

2 We note that this behaviour of the 2-lavour HBChPT result is completely analogous to the corresponding leading-
one-loop HBChPT expressions for the axial coupling constant of the nucleon [38] and also for the anomalous magnetic
moments of the nucleon [§]. It appears to be a pattern that such leading HBChPT extrapolation formulae only describe
the quark-mass dependence between the chiral limit and the physical point. If one wants to push the chiral extrapolation
to larger quark-masses, more m.-dependencies seem to be required, which from the viewpoint of the HBChPT framework
are “higher order”.
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Figure 4: “Fit II” of the O(p?) BChPT result of Eq.([28) to the (preliminary) LHPC lattice data of
ref.[24] and to the physical point (solid line). The corresponding fit-parameters are given in table 2l
The dashed curve shown corresponds to O(p?) result in the HBChPT truncation (see Eq.(30)). The
shaded area indicates the region where one does not expect that ChEFT can provide a trustworthy
chiral extrapolation function due to the large pion-masses involved, albeit the covariant O(p?) result
does not signal any breakdown in this region.

My(mg) — a$ogim2 m2 m2
CUa(t=0) = & ’ D WAL (S L4
20(t=0) 203, Y nE)? e\ e

4 2 2 4

m m 2m m m m
——Tlog —% 4+ ———" (2 —4—" 4+ —T }arccos [ —— | 3 + O(p?). (32
ME P2 4Mg_mg< M2 M;}) <2M0>} (p)- (32)

As one can easily observe, one encounters plenty of non-analytic terms and even chiral logarithms
in these covariant O(p?) BChPT results. However, we note that in the HBChPT limit to the same
chiral order O(p?) one would only obtain the chiral limit values b3 o, €5, nothing else [41]. E.g. the
chiral logarithms calculated in ref.[14] for By (¢t = 0), C3,(t = 0) would only show up in a full o),
respectively O(p*) BChPT calculation of the generalized form factors. From the viewpoint of power-
counting in BChPT they are to be considered part of the higher order corrections to the full O(p?)
results given in Eqs.(3132]).

Unfortunately, at this point no information from experiment exists for these two structure quantities
of the nucleon. From phenomenology one would expect that BS’O(t = 0) has a “large” positive value
at m,; = 140 MeV, as it corresponds to the next-higher moment of the isovector Pauli form factor
Fy(t = 0) = Kk, = 3.7 n.m. (Compare Eq.[5l) and Eq.(@) at £ = 0). Lattice QCD analyses seem to
support this expectation [22] 23} 24]. In contrast, the value of C3 (¢t = 0) cannot be estimated from
information known about nucleon form factors. State-of-the-art lattice QCD analyses (e.g. see ref.[24])
suggest that it is consistent with zero. In Figlhlwe have indicated how the corresponding extrapolation
curves based upon this information might look like. We are looking forward to a combined analysis
of Eqs(B1lB2) and the new lattice QCD data from dynamical simulations at small quark-masses [39]
extrapolated to ¢t = 0, which will shed new light onto this new domain of nucleon structure physics!
As a caveat we note that in both form factors we would see a dominant influence of the quark-mass
dependence stemming from the kinematical factor My (m,) in Eq.([), if their corresponding chiral
limit values b3, ¢, # 0. A further observation is that the uncertainties connected with possible
higher order corrections from O(p®) could already become substantial for pion masses around 300

13
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Figure 5: Quark-mass dependence of the isovector moments B3 ((t = 0) and C3 (t = 0). In By ,(t = 0)
we have varied the (unknown) chiral limit value b3 ;, between 0 and +0.5, as lattice analyses [22] 23] 24]
suggest that this moment has a large positive value. For the chiral limit value ¢f  of 0570(75 =0) we
have chosen the value 0, as preliminary lattice QCD analyses suggest that this moment is consistent
with zero [24]. The grey bands shown indicate the size of possible higher order corrections to these
O(p?) results.

2
MeV. For both quantities they can be estimated Vi O(p?) ~ 53,0%&?” where —1 < dpc < 1.
X

In order to ultimately test the stability of the results in Eqs.(3132]) it will be very useful to extend
this analysis to next-to-leading one-loop order [32].

4.2 The slopes of the generalized isovector Form Factors

In order to discuss the generalized isovector form factors A3 (t), B3 (t), C3(t) at non-zero values of
t, we first want to analyze their slopes px, defined via

X3o(t) = X30(0)+pxt +O(%); X =AB,C. (33)

To O(p?) in BChPT we find

PRI 1 2 + 8log " (30 4 32108 2
PA T M2 6(anF,)? 4M2 g M B2
ma 39 m2 6 m2
1 M Jog 2o
M4<6Jr 2 gM2> 3Mg M2

2 m4 6

m m m m
S S 130—~ 1— _ g~ il 5t 4
4MZ — m2 <9O 30]\42 o Mg 6M6> areeos <2M0>}+AiMo 4 (34

13Note, that the momentum A, in Eqs.(@8) counts itself as an object of order p leading to the observation that a
D = 3 evaluation of the currents Eqs.([@E) leads to a leading quark-mass dependence of mZ~! in Béi{”)(()).
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P = 18?:2;’72‘;]2)2 (4M21 = {4M02 +m?2 (83 +241log %) - 114W <1 +log E_i;
+M64 <24 + 751og XZ; 12]\”;8 lo XZ % <50 80M0 + 33]\”;_351 _ 4]7\7;_@
e <2nﬁo> } + % (35)
pe = 18(?(54291%”)2 (4M21_ m2) {4M02 —13m2 + 12]\”;—% <4 +3log %)

m0

2 m8 m2 6m3 2 m4 mﬁ
—320 (44111 6r ] — M (10-300z 4150 _ oM
M < s M2> TOMS g T e < M2 M Mg>

My MN (mﬂ)
X arccos <m>} oL 2Ny (36)

The parameters 0%, dt, (5tc are not part of the covariant O(p?) result. They are only given to indicate
the size of possible higher order corrections from O(p?). A numerical analysis of the formulae given
above suggests that the size of pion-cloud contributions to the slopes of the generalized isovector
form factors is very small! The physics governing the size of these objects seems to be hidden in
the counterterm contributions cj2, 6%, 65 which dominate numerically when assuming natural size
estimates —1 < cqo, 5%, 5tc < +1. We note that this situation reminds us of the isoscalar Dirac and
Pauli form factors of the nucleon F}(t), F5(t), where the t-dependence in SU(2) ChEFT calculations
is also dominated by counterterms (e.g. see the discussion in ref.[3]).

Finally, truncating the covariant results of Eqs.[@4136) at 1/(1672F2My) we obtain the (trivial)
HBChPT expressions to O(p?):

v cﬁ 3

pa = IV +O(p?), (37)
pp = 0+0(p), (38)
pe = 0+00%). (39)

The non-zero slope results found in the HBChPT calculations of refs.[I5] [16] are therefore of higher
order from the point of view of our powercounting. Most of them can already be added systematically

to our covariant O(p?) results of Eqs.(34438) at O(p?) [32].

4.3 Generalized isovector Form Factors of the Nucleon

In this subsection we present the full t-dependence of the (generalized) isovector form factors of a
nucleon to O(p?) in BChPT. We note that for all three form factors at this order only diagram c)
of Figlll gives a non-zero contribution at finite values of t—the resulting expressions at this order are
therefore quite simple:

ag,og,zax C12
50(t) = A54(0) + WF;,O@) + 2 t+0(p°), (40)
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with

Fyo(t) =

; 2m3 (50Mg — 43m2 Mg + 8m3) My
- arccos | ——
2M,

ME\/AMZ —m2

2m§rM0 76 2 2\ 174 2 2 2\ 1772

+ [ — [—10M + (17m2 + 60M2) M* — 4m? (m2 + 15M2) M
=2 LM\ /adr? —m2

4072 My 2<M3_M2> 474 2 (42 2) 272
+12m2 M2] arccos <—> +—— 2 [12mA M + 2m2 (4m2 — 9MB) MM
211 MRS

N

+ (m2 — 2Mg) (8m2 + Mg) M4] 2]\]\44 [2M8 +3m2 (3m2 + 4M3) M*

M 2m?2 ~
—d4m? (m2 + 9M2) M + 12m MO] log <Mo) + T [mi (—12MO8 AN ME

BNE®) + Om2 N2 (4§ — N2 — 3NI°MZ) + 120 Nr* (N1 — 04d) ] tog (Z;O) }

(41)

and M? = MZ + + (u* — 1) t. Note that Fy o(t =0) =0, whereas A5 ,(0) has been discussed in section
L1l A conservative estimate for the size of possible higher order corrections indicated in Eq.( Q) can

be obtained via O(p ) ~ A A2 e T 5t ARZ ](f/[ t, as discussed in the two previous subsections. For the
remaining two (generalized) 1sovector form factors we obtain

My(mz)  a5095M5 [z du
Byo(t) = by + )

B MS{ (MO M2> M + 9m2 M2

Mo AST2F2
—6miM§M2 + 6m2 Mg (mf‘r — 3m72rl\~42 + M4) log %
3 M2 - ~
—%—0 [mf‘r — 5m2M? + 5M4] arccos (?—j\%) }
AM? —m2

mngN(mw) 45t My (mz)

0 t 42
+ B AiMO B AiMO ) ( )

(t) _ MN(mﬂ) ag,Og,zélMg %duu2

2 T2 6 2a72 074

+6mE M2 — 6mi M2 (mg - 2M2> log %

3M2 B B
—|-6m”—0 [mi —4m2M? + 2M4} arccos (;n—]\;[> }

4M? — m2

m2 My (my) My (my)
oo —F " 4 5t 2t 43
oe A2MM, CTAZM, (43)

The parameters dp, dc, 0%, 05 have been inserted to study the possible corrections of higher orders
to our O(p?) results. Varying these parameters between -1 and +1 we conclude that a full O(p?
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calculation is required, before we want to make any strong claims regarding the t-dependence of Bgo(t)
and 0570(75) beyond the linear t-dependence discussed in the previous subsection. On the other hand,
the predicted t-dependence of the form factor Ago(t) of Eq.( Q) appears to be more reliable at this
order, as possible higher order contributions only affect terms beyond the leading linear dependence
in t.

5 Generalized isoscalar Form Factors in O(p?) BChPT

5.1 Moments of the isoscalar GPDs at ¢t =0

To O(p?) in 2-flavor covariant BChPT the only non-zero loop contributions to the isoscalar moment
50(t = 0) (see Eq.(I0)) arise from diagrams c) and e) in Figll One obtains

3,0(0) = (33>u+d
2 €9 3‘13,09,247”7%
“Mg 167r2F72

maz ma (o mz\ (M
MZ T DZ Mz ) 8\

2 4
My m m My
2 _ 4 U ™
+—’74M02 =2 < 2 + —61> arccos <—2 0)

Eq.(d4) should provide a similarly successful chiral extrapolation function for (z),4 as the covariant
O(p?) BChPT result of Eq.(@28)) did for the LHPC lattice data for (z),_4 in section EIl The uncertainty
3

arising from higher orders can be estimated to scale as O(p?) ~ 691A2n—1\%, where 69 should be a number
X
between —1,...,+1, according to natural size estimates. We note that the coupling Aago, which

played an essential role in the chiral extrapolation function of (x),_g4, is not present in the quark-mass
dependence of the isoscalar moment (z),.4. The resulting chiral extrapolation function is therefore
presumably quite different from the one in the isovector channel. The absence of a chiral logarithm
~ m2logmy in (x),+q (compare Eq.([30) and Eq.(@])) presumably will only lead to a difference in the
chiral extrapolation functions between the isovector and the isoscalar moment for values m, < 140
MeV.

Note that from Eq.(@) in the limit 1/(1672F2Mg) — 0 we reproduce the leading HBChPT result
for (x)y4q of ref.[36], which found a complete cancellation of the non-analytic quark-mass dependent
terms in this channel (in the static limit):

2 Cg
3,0(0)|§;{BChPT = ag,o + 4m72r—2 + 0(1/(167T2F7?M0))- (45)
0

The coupling c¢g is therefore scale independent (in dimensional regularization) and constitutes the
leading correction to the chiral limit value a3 o of (2)y44-

At t = 0 we also find non-trivial results for the two other generalized isoscalar form factors of the
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nucleon to this order in the calculation

My(mz) 3a3gg3ms m2 m?2 m2
BS — S _ U 1 v _ s 2 1 v
2,0(0) 2,0 MO (47TF7T)2 3+ og Mg M02 +3 0og M02

4 2 2 4
my m 2my m m My
Mo Pn . 2Ma (5 gMa | Mx M
ME M2 4Mg_mg< M? +M§>MCCOS<2MO>}

0 m%MN(mw)

5 16
My(mg)  a3ogama m2 m? mi  m2
5 .(0 — S — b —1 2 "1 1 T ) - 71 _ T
200 = S0 =30 T TanEy Tea\ TR aE) Tt

2My m2  mi My o MaMn(mz)

+m<2—4ﬁg +ﬁ61> arccos <m>} +5CT. (47)
Note that additional chiral logarithms appear in the HBChPT calculations of refs.[15] [I6], e.g. a
term bgom?r log m, entering the analogue of Eq.([#6]). According to the chiral power-counting formula
Eq.(26) such a term only starts to appear at ~ O(p?), and is therefore not present in our O(p?)
calculation. We have added the parameters 6%, 62 “by hand” to our covariant O(p?) results Egs. (@8)
and (7)) in order to indicate possible effects of higher order (i.e. O(p?®)) corrections. Presumably they
take on values —1,...,+1. Note that our O(p?) BChPT prediction for C35(0) is strongly affected by
possible corrections from higher orders. This is due to the fact that one only receives a non-zero result
for this form factor starting at O(p*)—the order we are working in. Eq.(#T]) should therefore only be
considered to provide a rough estimate for the quark mass dependence of this form factor at ¢ = 0.
For a true quantitative analysis of its chiral extrapolation behaviour the complet O(p?) corrections
should first be added [32].

Unfortunately, the (published) lattice QCD data base for (x),4q and B3 o(t — 0) is quite sparse for
small values of the pion mass. In order to obtain a rough estimate of the chiral extrapolation functions
resulting from Eqgs.([@4406) we have to resort to (quenched data of the QCDSF collaboration in
ref.[22]. Performing a combined fit of Eqgs.([d4l46) to the lattice data shown in Figlf] and including
the phenomenological value of (z),q4 ~ 0.54 [26] we obtain the two solid curves shown in Figlal The
resulting parameters of the fit are given in table Bl Interestingly, despite the large quark-masses and
the huge error bars in the data of ref.[22] we obtain reasonable chiral extrapolation curves with natural
size couplings. The analysis of the QCDSF data in combination with the physical value for (), 4
suggests that the chiral limit value of this isoscalar PDF-moment is smaller than the value at the
physical point, leading to a monotonically rising chiral extrapolation function as shown in the left
panel of Figldl It will be very interesting to observe what values an upcoming analysis of the new
LHPC data will find [39] for this moment, as a glance at the preliminary results shown in ref.[24] seems
to indicate that for effective pion masses around 300 MeV LHPC finds values for (x),q4 which are
lower than the physical point. If this observation can be confirmed in the final analysis of the data [39]
one would have to conclude that the chiral extrapolation behaviour of (x),44 is truly extraordinary,
displaying a minimum for effective pion masses near 300-400 MeV before rising again to larger values
for large quark masses.

'The most prominent correction from O(p®) arises from the triangle diagram of Fig[2and is given in appendix [D.2]
via AC}, , (t = 0,m-). We note, however, that this is not the only correction at the next order.

The quark-masses employed in ref.[22] are so large, that one does not expect to find differences between quenched
and dynamical simulations. See e.g. the discussion ref.[§]. Note that we are utilizing the lattice data of ref.[22] with the
scale set by ro, as we consider the alternative way of scale-setting (via a linear extrapolation to the physical mass of the
nucleon) also discussed in ref.[22] to be obsolete in the light of the detailed chiral extrapolation studies of ref.[I9]. We
further note that in the simulation results of ref.[22] all contributions from disconnected-diagrams have been neglected,
which gives rise to an additional unknown systematic uncertainty in the lattice data.
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Figure 6: Solid lines: The quark mass dependence of the O(p?) BChPT result for (x),,q of Eq.(@)
and B3 (0) of Eq.({G). The three unknown parameters resulting from a combined fit to the shown
QCDSF data of ref.[22] and to the phenomenological value for (z),.4 [26] are given in table B At
the physical point we obtain B3, = —0.056 £ 0.016, with the shown error only being statistical. Due
to the poor data situation with its unknown systematic errors, however, these results should only be
considered as a rough estimate of the true quark-mass dependence. The dashed line corresponds to
the respective HBChPT result at this order.

93,0 20 o o0, 0% | (@)l (1 = 2GeV)

0.527 £ 0.007 | —0.103 £ 0.016 | 0.147 £ 0.002 || 0 (fixed) | 0.538 £ 0.012 (fixed)

Table 3: The values for the three tensor coupling constants entering A5 ,(t) and Bj () at order p?
as extracted from a combined fit to the lattice points for A3 ,(0) and B3,(0) [22] shown in Figll

and to the physical point of A3,(t = 0,m; = 0.14 GeV) = (w>5ﬁ_e;'. Note that we have obtained a
small negative value for b3 ;. The indicated errors are only statistical and do not reflect the (much
larger) systematic uncertainties connected with a fit to the (quenched) lattice data of ref.[22] which

e.g. neglect all contributions from disconnected diagrams.

As a second observation, we would like to note that the value for the generalized form factor

Bio(t = 0) could take on a small negative value at the physical point according to the right panel of
Figlol albeit with a large uncertainty due to the poor data situation. Because of the small (negative!)
value of the isoscalar Pauli form factor Fs(t = 0) = ks = —0.12 n.m., it is somewhat expected that the
next-higher moment@ will yield a value close to zero. However, Figlfl now opens the possibility that
B3 o(t = 0) ~ —0.06 might be as large as 50% of its I5(¢t = 0) analogue. It will be very interesting
to observe whether this feature can be reproduced when the new data of QCDSF and LHPC [39] at
small pion mass are analyzed with the help of our O(p?) BChPT formulae Eqs.(d4[40).
Finally, we note again that the true range of applicability of HBChPT versus covariant BChPT (see
e.g. the left panel of Fig.(@)) can only be determined, once the stability of the employed couplings
is guaranteed, see the similar discussion for (z),_4 in section [Il A study of higher order effects is
therefore essential also in this respect.

16We can set £ =0 in Eq.@) and Eq.() for such a comparison.
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5.2 The contribution of u— and d—quarks to the spin of the nucleon

In the past few years a lot of interest in generalized isoscalar form factors of the nucleon has focused
on the values of A3, B3 at the point ¢ = 0, as one can determine the contribution of quarks to the
total spin of the nucleon via these two structures [42]:

Tusa = 5 [A3e(t=0)+ Bio(t = 0)]. (19)

To O(p?) in BChPT we find

1 My(my) a5 om2 3g4my m2  m? My
J. = <as bs ’ 8 —6—L 4 T
u+d 2{02,0"1' 2,0 Moy (47TF7|—)2 /74M§_m72r Mg + Mél arccos 90,
m2 m2 m m C9
—3¢4(3—- —= 2 4—T 4 T )]og —= 4m2— o). 49
A (- 5ig + (2 o5ig + ) e ) o f 4 00 )

Note that despite the plethora of non-analytic quark-mass dependent terms contained in the O(p?)
BChPT result of Eq.(9), the two chiral logarithms calculated in ref.[I3] within the HBChPT frame-
work are not yet contained in our result. Both terms (~ a()x, bg)n in the notation of ref.[L3]) are
part of the complete O(p?) result according to our power-counting and will appear in the calculation
of the next ordel”]. We further note that the two logarithms of ref.[I3] are UV-divergent and are
accompanied by a counterterm, whereas the O(p?) BChPT result of Eq.([@d) happens to be UV-finite
to the order we are working in. In ref.[I3] the authors also reported that the two chiral logarithms (of
O(p?)) which they describe presumably are canceled numerically by pion-cloud contributions around
an intermediate Delta(1232) state. We can confirm that this possibility exists, as the described Delta
contributions also start at O(p?®), assuming a power-counting where the nucleon-Delta mass difference
is counted as parameter ~ p' (in the chiral limit) (see ref.[40] for details).

Utilizing the O(p?) BChPT result of Eq.[@J) and the fit parameters of table 3] we obtain a a first
estimate for the contribution of u— and d—quarks to the spin of a nucleon:

Jura(t =0, my = 0.14GeV) ~ 0.24 & 0.05, (50)

which is only 50% of the total spin of the nucleon! Note that we can only give a rough estimate for the
error in this determination via assigning a typical size of the input lattice error bars shown in Figlél
to the extrapolated result, as we are assuming that the true error is dominated by systematic errors
in the lattice input to our analysis. (The size of the statistical error read off from the fit of table [3is
+0.01 and therefore negligible. The small value of this statistical error is of course heavily influenced
by the error assigned to the phenomenological value of (z),44 given in table [3))

Based on the same input (uncertainties) we can also predict the quark-mass dependence of Jy 4.
The result is displayed as the solid line in Figlfl Note that in contrast to the analysis given in ref.[22],
we do not obtain a flat chiral extrapolation function between the lattice data and the physical point.
The O(p?) BChPT analysis suggests that the value at the physical point lies lower than the values
obtained in the QCDSF simulation at large quark-masses. However, given the large values of quark-
masses and the sizable error-bars in the (quenched) simulation of ref.[22], our extrapolated value for
Jurq obviously can only give a first estimate of the true result. We are therefore looking forward to
the application of our formula Eq.(9) to the new (fully dynamical) lattice QCD results by QCDSF
and LHPC obtained at lower quark-masses with improved statistics [39]. Furthermore, the influence of
possible corrections from O(p?) in Eq.[@J) has to be analyzed, before one can obtain a high precision
determination of the quark-contribution to the spin of the nucleon from a combined effort of lattice
QCD and ChEFT [32].

"The contribution ~ a(q) is already contained in the function ABp, o(t = 0, m) discussed in subsection
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Figure 7: The contribution of w + d quarks to the spin of a nucleon as function of the effective pion
mass. The O(p?) BChPT result shown as the solid line is a prediction of Eq.(@3) which utilizes the
fit-parameters of table Bl For comparison we have also plotted simulation data from QCDSF [22] in

the figure. At the physical point one can read off J, 4 =~ 0.24. (The error bar shown at the physical
point is only statistical and does not reflect any systematic uncertainties.)

5.3 A first glance at the generalized isoscalar form factors of the nucleon

In this section we present the results for the momentum and quark-mass dependence of the generalized
form factors of the nucleon for the isoscalar flavour combination u + d at O(p?) in BChPT. We note
that at this order the only non-zero loop contributions to the three isoscalar form factors arise from
diagrams c) and e) in Figlll as the coupling of the isoscalar tensor field to the nucleon is not affected
by chiral rotations. One obtains

s 2
s 48 2094 s C13 3
50(t) = A34(0) - A2 2 F3o(t) + 2 t+O0(p°), (51)

with A3 ((0) given in Eq.([d4) and F35,(t = 0) = 0. Interestingly, to the order we are working here, the
t-dependence of this isoscalar form factor A3 ,(¢) is given by the same function

Fo(t) = F3o(t) +Op°), (52)

that controls its isovector analogue Eq.([dI]), albeit with larger numerical prefactors (compare Eq.(51])
to Eq.(@0)). We note that F3(t) does not depend on the scale A of dimensional regularization for
the loop diagrams. The chiral coupling ci3 is therefore also scale—independen@, parametrizing the
(quark-mass independent) short-distance contributions to the radius/slope of A3 ((¢). The unknown
contributions from higher orders in the chiral expansion can be estimated from a calculation of the
triangle diagram displayed in Figl2l Due to the coupling of the tensor field to the (long-range) pion
cloud of the nucleon, among all the contributions at the next chiral order this diagram should give
the most-important t-dependent correction to the covariant O(p?) result of Eq.(51]), resulting in the
estimate O(p®) ~ AA; _(t,m,). The explicit expression for this function can be found in appendix

¥We note again, that this scale-independence refers to the UV-scales of the ChEFT calculation, not to be confused
with the scale- and scheme-dependence of the quark-operators on the left hand side of Eq. (@), which is completely outside
the framework of ChEFT.
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For completeness, we also note that in the limit 1/(1672 F2My) — 0 we obtain the corresponding
O(p?) HBChPT result

2 €9 C13

2 - 7 t+O(1/(167* F2My)) (53)

2
Ao ponpr = a0 +4m

which is just a string of tree level couplings.
To order O(p?) in BChPT the two other isoscalar form factors read

My(mg) 65093 M; du -9\ 1 -
B3o(t) = by Mo“ ~ 1622 / e (MO M2> M + 9m2 M3 M*
™

—6mLM2N? + 6m2 M2 <m

31/2 B B
__ OmzMy [mfr — 5m2M? + 5M4] arccos <m—f>
AM? — m2 2M
+AB;j , (t,mz), (54)

— 3mﬂl\~42 +M4) logm—~7T
M

My(mg) 05095 Mg 2 duu?
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{2 (Mg - M2) MO — 3m2 M2
+6md M2 — 6mi M2 (mg - 2M2> log %

3M2 B B
—|—6m”—0 [mi —4m2M? + 2M4} arccos (m—f>
AM? — m?2 2M
K

+AC} , (t,my). (55)

with M defined in appendix [T (c.f. Eq.(C6)). My (m,) denotes again the (quark-mass dependent)
mass function of the nucleon Eq.([), introduced via Eq.(). In the limit 1/(1672F2My) — 0 we obtain
the corresponding O(p*) HBChPT results for B5 (t), Cs o(t), which at this order only consist of the
tree-level couplings b3 , 5. As in the case of A3 ((¢) we have estimated the contributions from higher
orders via O(p®) ~ AB; (t,mz), AC; (t,my), assuming that the dominant t-dependent higher order
corrections to our covariant O(p?) BChPT results of Eqs.(5455) originate from the O(p®) triangle
diagram displayed in Fig[2l Explicit expressions are given in appendix [D.2l We note that the non-
analytic quark-mass dependent terms in A3 o(t), B3 ((t), C5o(t) calculated in ref.[I4] with the help of
the the HBChPT formalism*J correspond to the leading terms in a 1 / (1672 F2 M) truncation of the
O(p®) BChPT corrections AXy, . (t,my), X = A, B,C of appendix [D.2l

At this point we refrain from a detailed numerical analysis of the t-dependence of the generalized
isoscalar form factors A5 o(t), B3 o(t). On the one hand very few lattice data for this flavour combi-
nation have been published so far for pion masses below 600 MeV. Moreover, available lattice data
neglect contributions from “disconnected diagrams” and are therefore accompanied by an unknown
systematic uncertainty, which is very hard to estimate. On the other hand, in the t-dependence both

19Tn refs.[I5} [16] additional terms have been calculated within the HBChPT approach. While some terms correspond
to O(p®) and O(p*) contributions according to our power-counting, expanding the covariant O(p?) result of Eq.(54) to
1

the order (=5t ) one can e.g. also recognize a term ~ a3 ,m?2 present in ref. . However, as far as we can see
1672 F2 M, 2,0 T ) )
=

neither ref.[T5] nor ref.[T6] presents a complete O(p®) HBChPT calculation of the matriz element Eq.(d).
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of A3 ((t) and of Bj((t) we encounter chiral couplings (c13 at O(p?) in Eq.(B1) and B4 at O(p®) in
AB;  (t,my) of Eq.(D.6)) connected with (presently unknown) short-distance physics. The resulting
leading t-dependence of these two generalized isoscalar form factors is hard to quantify at this point
without any additional input either from experiment or from lattice QCD. We are therefore postpon-
ing this discussion until further information is available, e.g. from the new lattice QCD simulations
at low momentum transfer [39]. In the meantime we are preparing [32] a full (next-to-leading one
loop) O(p?) BChPT analysis of the isoscalar moments of the GPDs which (in addition to several
other diagrams!) also contains the contributions from the triangle diagram shown in Figll already
presented in appendix [D.2]

Before finally proceeding to the summary of this work, we want to take a look at the third generalized
isoscalar form factor C3 (t) of Eq.(B5]). According to our power-counting, short distance contributions
to the radius of this form factor are suppressed and only start to enter at O(p*), both in HBChPT and
in BChPT. After adding the O(p3) estimate AC; _ (t,my) to the O(p?) BChPT result of Eq.(5H), we
can hope to catch a first glance of the {-dependence of this elusive nucleon structure. Utilizing a3, of
table Bl and assuming 22 ~ (z)$ ~ 0.5 at a renormalization scale u? = 4 GeV? [43] we can determine
its slope

s dCéS,o(t)‘
pPc = —dt t=0

2
g My 2
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T 0

1
VAME — m2
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—225mE M§ + 30m2 Mg + 32M;°) )] arccos <2mwﬂ> }
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+15my Mg — 30m2 Mg + 10M¢) + 22

(56)

At the physical point this would give us pf(m, = 0.14GeV) = —0.77 GeV_2. Truncating Eq.(56) in
1/(1672 F2My) we reproduce the chiral singularity ~ m ! found in ref. ﬂﬂl]

2.0 2
s g3 Ta My (my) 95 < o My (mz) My
= — — ———~ | —-13+ 15log — 57
po 1607 F2m,  96072F2 |“20 T T et (57)
It amounts to a slope of p&|, = —1.12 GeV~2, which is 45% larger than the BChPT estimate of

Eq.(58). Interestingly, among the terms ~ mY shown in Eq.(57) it is the 1/Mj suppressed corrections
to the leading HBChPT result of ref.[14] that dominate numerically. This gives a strong indication
that a covariant calculation of AC} (t,m,) as given in appendix is advisable, automatically
containing all associated (1/Mj)™ corrections.

2ONote that due to a different definition of the covariant derivative in the quark-operator on the left hand side of Eq.(B)
our definition of the third isoscalar form factor differs from ref.[T4] by a factor of 4: C£7(t) = 4C5 o(t).
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The quark-mass dependence of the slope function pf, of Eq.(56) already suggests that one obtains
an interesting variation of the t-dependence of this form factor as a function of the quark-mass! We
therefore close this discussion with a look at Fig[8l There we have fixed the only unknown parameter
c59 = —0.41 £ 0.1 such that the BChPT result coincides with the dipole parametrization of the
QCDSF collaboration at t = 0 [22] for the lightest pion mass in the simulation, i.e. m, = 640
MeV. We note explicitly that this coupling only affects the overall normalization of this form factor,
but does not impact its momentum-dependence. It is therefore quite remarkable to observe that the
resulting t—dependence of this form factor according to this ChEFT estimate agrees quite well with
the phenomenological dipole-parametrization of the QCDSF data at this large quark-mass, even over
quite a long range in four-momentum transfer. The result is rather close to a straight lin (see FigR)).
We remind the reader that the value of this form factor at ¢t = 0 and m, = 0.14 GeV determines the
strength of the so-called D-term of the nucleon, playing a decisive role in the analysis of Deeply Virtual
Compton Scattering (DVCS) experiments [I]. Utilizing the extracted value of ¢3 , we can now study
the C-form factor also at the physical point, with the result also shown in Figl8l At this low value of
the pion mass one can suddenly observe a non-linear t—dependence for low values of four-momentum
transfer, due to the pion cloud of the nucleon. This is a very interesting observation, because such a
mechanism would allow for a more negative value of 02870(75 = 0) at the physical point than previously
extracted from lattice QCD analyses via dipole extrapolations (e.g. see ref.[22]). We obtain

Cso(t =0,my; = 140MeV) ~ —0.36 £ 0.1, (58)

The assigned error corresponds to the fit error of 02870(m7r = 0.64GeV,t = 0)qcpsr given in ref.[22],
as it directly influences our unknown coupling c3 ;. However, we note that the (unknown) systematic
uncertainties underlying the (quenched) simulation results of ref.[22] are not accounted for in this
error bar. A comparison of these data with the new dynamical simulations of QCDSF and LHPC [39]
might shed more light onto this unresolved question of systematic uncertainties in lattice QC.
With this value we can finally obtain the first estimate for the radius of this elusive form factor:

5\2 6 s
= - = 140 MeV
(rc) 3ot = 0, m, = 140MeV) /¢ (m V)
~ (0.5+0.1)fm?% (59)

We compare this result with the radii of the isovector Dirac and Pauli form factors of the nucleon,
which are also dominated by pion cloud effects. Interestingly, with (r?)* = 0.585 fm? and (r3)* = 0.80
fm? [44] the estimated value for (ré)2 seems to lie in the same order of magnitude! We note, however,
that our numerical estimate of its slope p¢. of Eq.(B6]) given above is significantly smaller than the
corresponding slopes of the isovector Pauli and Dirac form factors, as expected from general arguments
and as already observed in lattice QCD simulations with dynamical fermions [45] (at very large quark
masses).

However, before we can go into a more detailed numerical analysis of these interesting new form
factors of the nucleon, one should first complete the O(p?) calculation of the generalized isoscalar form
factors, as there are additional diagrams next to Fig[2] possibly also affecting the t-dependence, albeit
presumably in a weaker fashion [32].

2!Most of the pion loop diagrams in BChPT with IR regularization as employed in appendix [Bl have the remarkable
feature that they automatically go to zero in the limit of large pion masses, without any extra assumptions. This aspect
of BChPT will be discussed in detail in ref.[I8].

22ZHowever, according to our understanding even the new dynamical simulation results of QCDSF and LHPC will
neglect all contributions from disconnected diagrams.
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Figure 8: A first glance at the momentum dependence of the form factor C3(¢). The quasi-linear
t—dependence at the pion-mass m, = 640 MeV (solid line) has been normalized to the dipole
parametrization of the QCDSF data of ref.[22] (dashed line). The resulting non-linear t-dependence
in this form factor for smaller values of m is then due to the coupling of the tensor field to the pion
cloud, providing an interesting mechanism to obtain “large” negative values at t = 0, m, = 140 MeV.

6 Summary
The pertinent results of this analysis can be summarized as follows:

1. We have constructed the effective chiral Lagrangean for symmetric, traceless tensor fields of
positive parity up to O(p?) in the covariant framework of Baryon Chiral Perturbation Theory
for 2 light quark flavours.

2. Within this covariant framework we have calculated the generalized isovector and isoscalar form
factors of the nucleon Ag:g(t,m%), By (t,m2), Cs% (t,m2) up to O(p?), which corresponds to
leading-one-loop order. We can exactly reproduce the corresponding non-relativistic O(p?) re-
sults previously obtained in Heavy Baryon ChPT by taking the limit 1/(1672F2My) — 0. Several
HBChOPT results published recently could not (yet) be reproduced, as they correspond to partial,
non-relativistic results from the higher orders O(p3, p*, p°).

3. According to our numerical analysis of the quark-mass dependence of the generalized form
factors, we have noted that for B3(t) and Cj((t) the observable quark-mass dependencies
could be dominated by the (well-known) quark-mass dependence of the mass of the nucleon
My (m?2). This mass function appears in several places in the chiral results due to kinematical
factors in the matrix-element used in the definition of the generalized form factors. Such a
“trivial” but numerically significant effect is already known from the analysis of lattice QCD
data for the Pauli form factors of the nucleon.

4. The pion-cloud contributions to all three generalized isovector form factors at finite values of t are
very small. The momentum dependence of these structures seems to be dominated by (presently)
unknown short distance contributions. The situation in this isovector channel reminds us of an
analogous role played by chiral dynamics in the isoscalar Dirac and Pauli form factors of the
nucleon. At this point we were therefore not able to give predictions for the numerical size of the
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10.

11.

radii or slopes of these interesting nucleon structure quantities. It is hoped that a global fit to
new lattice QCD data at small pion masses and small values of t—extrapolated to the physical
point with the help of the formulae presented in this work—will lead to first insights into this
new field of baryon structure physics [39].

. The BChPT leading-one-loop results for the generalized isoscalar form factors A3 ((t), B3 o(t)

are quite surprising. As far as the topology of possible Feynman diagrams is concerned, one
is reminded of the isovector Dirac and Pauli form factors of the nucleon. A power-counting
analysis, however, told us that those diagrams (e.g see Figll) from which one would expect
large non-analytic contributions in the quark-mass only start to contribute at next-to-leading
one-loop order. Our analysis therefore suggests that the momentum-dependence at low values
of t is dominated by short-distance physics. A new quality of lattice QCD data for low pion
masses and low values of ¢ to constrain some of the unknown couplings is urgently needed before
further conclusions can be drawn [39].

. It is the value of (), of a pion in the chiral limit that controls the magnitude of those long-

distance pion-cloud effects in the generalized isoscalar form factors of the nucleon, pointing to
the need of a simultaneous analysis of pion and nucleon structure on the lattice and in ChEFT.

In the forward limit, the isovector form factor A3 (t — 0) reduces to (x),_q. Our covariant
O(p?) BChPT result for this isovector moment provides a smooth chiral extrapolation function
between the high values at large quark-masses from the LHPC collaboration and the lower value
known from phenomenology. The required (chiral) curvature according to this new analysis does
not originate from the chiral logarithm of the leading-non-analytic quark-mass dependence of
this moment—as had been speculated in the literature for the past few years—but is due to
an infinite tower of terms (m,/My)"™ with well-constrained coefficients (see Eq.([28])). The well-
known leading-one-loop HBChPT result for (z),_4 of Eq.[30) was found to be applicable only
for chiral extrapolations from the chiral limit to values slightly above the physical pion mass, as
expected.

. Judging from the available (quenched) lattice data of the QCDSF collaboration our O(p?)

BChPT result of Eq.([@4]) for A3(t = 0) = (2)u+a also provides a very stable chiral extrap-
olation function out to quite large values of effective pion masses.

. A study of the forward limit in the isoscalar sector has led to a first estimate of the contribution

of the u— and d—quarks to the total spin of a nucleon J,;4 ~ 0.24. This low value compared to
previous determinations arises from the possibility of a small negative contribution of BS’O(t =
0) ~ —0.06 at the physical point, driven by pion cloud effects. However, at the moment the
uncertainty in such a determination is rather large, due to the poor situation of available data
from lattice QCD.

In a first glance at the third generalized isoscalar form factor C3 ,(t) the quark-mass dependence
was found to be qualitatively different from A3 ,(t), B3 o(t). Its slope contains a chiral singularity
~ m_ ! and the influence of short distance contributions is suppressed. A first numerical estimate
of its slope gives p¢ ~ —0.75 GeV?, which is much smaller than the slopes of corresponding
Dirac or Pauli form factors. At low t we have also observed significant changes in the momentum
dependence of this form factor as a function of the quark-mass, resulting in the estimate C§7O(t =
0) =~ —0.35 at the physical point.

Throughout this work we have indicated how to estimate possible corrections of higher orders
to our leading-one-loop BChPT results. The associated theoretical uncertainties of our O(p?)
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calculation have been discussed in detail. Ultimately, in order to judge the stability of our
results it is mandatory that we analyse the complete next-to-leading one-loop order. Work in
this direction has already started [32].

Finally, we note that the tensor Lagrangeans constructed in section [Bl invite a host of further studies,
pertaining both to generalized axial form factors of the nucleon [29] and to the energy-momentum-
tensor of the nucleon [34].
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A Basic Integrals

The integrals required for one-loop calculations in BChPT can be reduced to two basis integrals in
d-dimensions:

1 [ d4 1
An (m) = ;/ (2m)% m2 — 12 —ie’ (A1)
L[ d4 1
Hy (MF,m?,p7%) - = 2/ @) (m? =12 — i) M — (L= p)? —ie)’ @2

where m (M) is a mass function involving the mass of the Goldstone Boson (of the Baryon) and p*
denotes a four-momentum determined by the kinematics. The propagators are shifted into the complex
energy-plane by a small amount € to ensure causality. Utilizing the M S-renormalization scheme of
ref.[4] with

AT L1
= 1672 [d 4 (’YE —1—-In 477)} , (A.3)
one obtains the dimensionally-regularized results [4]
1
A = 2m? 4 A4
w? (L4 gy ) + 0 a) (A4)
1 M?  p? — M? 4+ m? m
2 2 2y _
Hll(M,Tn,p) = —2L—16—2|:—1+10g A2 +Tlgﬂ
2mM p—M2 2 . m? 4+ M? — p?
2mM areeos 2mM
+0O( d 4). (A.5)

More complicated integral expressions needed during the calculation are defined via

1 [ d7 {m, 1) D) w1 (2) b2 (3)
;/ (2m)4 (m2 — 12 —ie) (M2 — (I — p)? — ie) ={p"Hy,g" Hy)" +p'p"Hy\'}, (A.6)

1 d?] HIV]e (4) (5)
- — (P Vo (o117 MoV,
i/(27‘l’)d (mz—lz—ie)(Mz—(l—p)z—ie) (p g +pg +tpg )Hll +ppp H11 . (A7)

The integrals H (1) are related to the two basis integrals of Eqs.(A.IHA.2) via well-known tensor-
identities [4] [I8]. Finally, we note that the integrals involving more than one baryon propagator can
be related to the ones defined above via

0
OM?

HY (M2, m?2,p?) = HYD(M2,m?, p?). (A.8)
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B Regulator Functions

The basis regulator function is defined as [17) [I§]
2,2 2\ _ - d’l 2 2 2 2 _ 2172
Ry (M?,m*,p°) = dx W[a;M + (7 —2)p” + (1 —2)m” — 1] ~. (B.1)
r=1

More complicated regulator functions Rgil), i =1...5 can be defined in analogy to Eqs.(A6[AT). We
note that for our O(p?) calculation of the moments of the GPDs we only need to know these functions
up to the powe of m2, t in order to obtain a properly renormalized, scale-independent result, which

at the same time is also consistent with the requirements of power-counting. The regulator functions
needed for our O(p?) BChPT calculation (see Appendix [C]) read

m2 1 M, 1m2 M,
0 0
2 2
1 ma 1 My 1mz My
1 1 1| Mg M 3 M,
- (B.4)
2 1 My 1 3m?2
Rﬁ)(Mg,mgr’p?) = gL—I—@[QlogTO—I—g—Fgﬁg + ..., (B.5)

The derivatives of the regulator functions needed for the calculation (see Appendix [C)) read

Rgzl)/(Mz,mfr,j)Q) = % <1 + Z}—i;) L+ ﬁ [log% + ;;53 <2log% — 1) ] — W
t (B.6)
Rf{)/(l\;[z,mfr,ﬁ) _ ]\”;_72(% I m % + ]\”;_i; <_1og % + 1) + 71927:2]\461 +..., (B.7)
Rg‘i)’(szmgnﬁ) — éL + Flﬁ E log % + % + 47}53 - 5767:2M02 + .. (B.8)
Rgi)’(M27m§r7ﬁ2) _ 167TiM§ [% - 2:’\%] + 2887:2M51 + ... (B.9)

One can clearly observe that all contributions are polynomial in m2 (and therefore polynomial in the

quark-mass [17]) or polynomial in ¢ [I8], as expected. Their addition to the M S-results therefore just
amounts to a shift in the coupling constants [17, [I8] of the effective field theory and does not affect
the non-analytic quark-mass dependencies, which are the scheme-independent signatures of chiral
dynamics.

Z8trictly speaking we need to know the regulator terms contributing to the generalized form factor A;:g (t) up to
power (m7,t)!, whereas for B35 (t), C5'0(t) only the leading terms (m3,¢)° are required [I8].
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C Isovector Amplitudes in O(p?’) BChPT

The five O(p?) amplitudes in the isovector channel corresponding to the five diagrams of Fig[I written
in terms of the basic integrals

18 (Mm%, m?,p?) = HD (M2, m?, %) + RS (M?,m?,p?) | i=0...5, (C.1)

of Appendices [A]l and [B] read

al 2 a
Amp® =i 2,094 nT%n u(p’) du (C.3)
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a

Amp® =i aj 77*777 u(p') V(P w(p) Zn- (C.5)

Note that the various couplings and parameters are defined in section Bl 7 denotes the isospin doublet
of proton and neutron. The variables in the integral functions are given as

1
P2 = M?* = M+ <u2 - Z) t, (C.6)

where ¢t = A? corresponds to the momentum transfer by the tensor fields.
Z)r denotes the Z-factor of the nucleon, calculated to the required O(p?) accuracy in BChPT. It is
obtained from the self-energy 3y at this order via the prescription

oY
Zy =1+ a—N +O(ph), (C.7)
p p=Mo
with
3 2
Sy = 294 (Mo + p) [m2 L (M, m2, p%) + (My — ppIY (M2, m2,p%) — Ax] +O(pY).  (C8)

4F2
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D BChPT Results in the Isoscalar Channel

D.1 Isoscalar Amplitudes in O(p?) BChPT

To O(p?) in BChPT the results in the isoscalar channel are quite simple. The amplitudes corresponding
to the Feynman diagrams of Figlll can be be simply expressed in terms of results already obtained in
the isovector channel discussed in the previous section They read

Apay, = 0+00"), (D.1)
_ as Tl

Amp, = —3-22 1 pmpe + 0GP, (D.2)
as oniTen

Amp; = 0+ 0(p°), (D.3)

- as onil

Amp, = 22 dmpt + OGP). (D.4)

as on'Ten

Note that the various couplings and parameters are defined in section [3

D.2 Estimate of O(p®) contributions

The contributions from the (higher order) Feynman diagram shown in figure 2 to the generalized
isoscalar form factors read

s 9,245132 2 du -8 2 2 -8 2 2 | ~2)\~6
AA} o (tmg) = m/lﬁ—g 2p° (3my; + Mg) —tp° + 4Mg (2Mg +m°) p

—2M3 (11ME — i ME + 2im) §* + 120 (ME — m?)*

\/2M2 (72 + m?2) — (p2 — m2)* — M}

(
+2M§ [ 5° + 3" (3Mg — ) — 2p° (Mg — m?) (7MO4 —2m*M§ +m*)
Mg (

M2 — ) ]log

[GM(}O — 4AM§ (6m* + 5p°) + Mg (36" + 38m*p* + 23p")

— M (24m® + 18p%m* + 11p*m? + 95°) + Mg (6m® + 2p°m"
M?Z +m? — p?
55ttt — 25852 _ 58 =2 (2 ~2\3 (2 272 0
D m D m p)+p (p m) (p—l—m) arccos RG] ,
(D.5)
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2 ,.0 1
s GATr MN(mn) 2 My My
ABj, (tmg) = 96?2@ Vo /_ldu{ — 6M§ + 18m? (2 log == =3 ) +1{11—6log —=

2

- 360
/2 (12 + 72) M3 — (52 — in2)? — M}
+ (6" + 5p%m +3p") My — (4m° + p*m* + p'm® + 5°) Mg
MZ+m2 — %\ 6M
2Mym 8

[Mg — (4m? + 3p°) Mg

+m® — m%ﬂ arccos < [2]56 -3 (3M02 _ m2) Pt

+6 (M — 7?)" 5 + 6 (MZ5* — 2M3 (MG — 2?) % + (M3 — )" log ﬁ} }

My
My (my) 4m? My(mz) t
Bio(\) —————~ — " + B} (\) ———~ — D.
+B33(M\) My A2 + By (\) My A2 (D.6)
2,0 0/2 1
s gar, My My (mz) /2 du -8 26 22| 0~6 2~4
A t,my = - — 9M, — —2M,
C(h.o.( , T ) 967T2F7% M, _%pg op 9 ob 6u”p” |3p ob

—3MZ (MZ — 3m?) > — 6 (M — M0m2)2] — 9 (4u® — 1) 5 log %
0

+9M¢ {4& (—m2ﬁ4 + 2m2p% (m? — M) + (MG — m2)3)
_ _ m 9M?
_p4(Mg—m2)]10gﬁ+ 0 :
0\ e ) — (52— ) — M
—4 (402 + p?) uPMS — (—24uPm? + 4u?p*m® + ) Mg
+ (—16um® + 20u?p?*m* + 2 (1 — 2u®) m?p* + %) Mg

[4u2M§

+m (m p)(4um Su“m-p +(4u 1)p)]arccos< Mo ,
(D.7)

with the new variable
~ 2 2 9 1
m° = m;+ <u - Z) t. (D.8)

We note that the contributions of AA3 (¢, mx), ACS,(t,ms) are finite at O(p?) in BChPT, while
AB3 ((t, mz) contains two new counterterms Bi3()), Bj,(A) at this order [32].
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