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1. Introduction

The past year has seen impressive efforts with respect to dynamical lattice QCD calculations
of many hadron structure observables like form factors and moments of (generalized) parton dis-
tribution functions, which are by now consistently carried out at pion masses as low as 300 MeV.
New methods and techniques have been developed and successfully tested in e.g. calculations of
the form factor and gluonic structure of the pion, exploratory studies of disconnected and strange
quark contributions to nucleon structure observables, aswell asa rst investigation of the neutron
electric polarizability with dynamical quarks. Other new and interesting developments include a
study of recent lattice results on nucleon to A axial-vector transition form factorsin the small scale
expansion of chiral perturbation theory, an exploratory study of moments of vector meson distri-
bution amplitudes, which represent an essential part in the understanding of rare B decays, and
a calculation of moments of tensor generalized parton distributions of the pion, giving rise to a
surprisingly non-trivial pion spin structure.

Many of these observables can be de ned using bi-local quark opera tors on the light-cone,

Z
Or(X) = %é“‘q %n ruq %n : (1.1)
where the variable x represents the longitudinal quark momentum fraction, nisalight cone vector,
I =y"; vy, oMV :::, and the Wilson-line U ensures gauge invariance. Lattice calculations give
access to hadron matrix elements of x-moments of Or(X). The moments are obtained by taking the
integral 1ldxxn 1 leading to atower of local operators

B B
O{}”Jl Hn 1 — S qy{llDﬂl |Dﬂn 1q, (12)

for the vector case I' = yH, where S denotes symmetrization in the indices u; uy;::: and sub-
traction of traces. Similar expressions can be obtained for the axial-vector, ' = y* s, and tensor,
Ir = oMY, operators. In QCD, operators as given in Eq. (1.2) have to be renormalized and therefore
lead in general to scale and scheme dependent quantities. Typical examples of corresponding lattice
operators for n = 2 are discussed below in section 4.1. Non-forward matrix elementshP'j:::jPi of
Eq. (1.1) can be parametrized in terms of generalized parton distributions (GPDs), e.g. H(x; &;t)
and E(x; &;1) for the nucleon in the vector case,

ioHPA,
2my

hPjOY ()jPi = U(P") yHH(x;&;t)+ E(x&t) UP); (1.3)
wheret =A% = (P’ P)? isthe momentum transfer squared, and & corresponds to the longitudinal
momentum transferred to the hadron (for reviews on GPDs, see[1, 2]). Notethat H(x; &;t) reduces
intheforward limit, A ¥ 0, to the usual unpolarized parton distribution function, H(x; 0; 0) = q(x).
Corresponding nucleon matrix elements of the local operatorsin Eq. (1.2) for n = 1;2 are given by

TP igHPA
hPjoLiPi = TU(P) yHFi(t)+ 2mNp R(t) UP);
B B igHPA,. N
PIOLIPT = S U(P) P An(®)+ 5 2P B(0)+ = - Coo(®) UP): (14
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Figure 1: Resultsfor ga from QCDSFUKQCD [6]. Symbols are explained in the text.

where P = (P'+ P)=2, and F., are the Dirac and Pauli form factors. Since Oy/** corresponds to
the quark contribution to the QCD energy momentum tensor, the generalized form factors (GFFs)
Ago(t) and Byo(t) at t = O can be directly related to the quark momentum fraction, hxig = Ax(0),
and the total quark angular momentum, J; = (A20(0) + B2o(0))=2. The lattice cal cul ation of matrix
elements as in Eq. (1.4) for the nucleon from two- and three-point functions, and the subsequent
extraction of moments of parton distributionsand (generalized) form factors follows standard meth-
ods described in e.g. [3, 4, 5] and references therein. Some new techniques and strategies used in
the calculation of hadron structure observables on the I attice will be discussed in the sections bel ow.

2. Form factors

2.1 Axial-vector coupling constant

The axial-vector coupling constant ("axial charge") of the nucleon, ga = 1:2695(29), is ex-
perimentally very well known from neutron beta decay. It corresponds to the forward limit of
the isovector axial-vector form factor, GA(Q® ¥ 0) = ga. In alattice calculation, using isospin
symmetry, ga can be extracted from the proton forward matrix element of theu d axial-vector
current,

hP, Sty ysu by ysdjP, Si = UI(P, Sy, U (P.S) ga: (21

Equation (2.1) showsthat ga isdirectly related to theisovector quark spinfraction, ga = A, 4, and
that disconnected diagrams, which cancel out for the avor combination u  d, do not contribute.
The chiral limit value of the axial-vector coupling, gg, is a fundamental low energy constant of
the chiral effective eld theory of QCD (ChEFT). Based on the Adler-W eisberger sum rule, one
might anticipate that the A resonance, in addition to pion and nucleon degrees of freedom, playsan
important role in the low energy description of ga in the framework of chiral perturbation theory
(ChPT). It is aso known that the axial-vector coupling is particularly sensitive to nite volume

effects in, e.g., a lattice simulation. The application of ChPT including the A resonance in a -

nite volume to the description and extrapolation of lattice data on ga therefore seems to be very
promising. Figure 1 shows new preliminary results from QCDSF/UKQCD for ga, based on N = 2
improved Wilson fermions and Wilson glue, for pion massesaslow as ” 340 MeV [6]. The opera-
tor has been non-perturbatively renormalized using the Rome-Southampton method. The scattered
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open symbols on the left aready indicate that nite size effects (FSEs) may b e large. Indeed, a
t based on ChPT including explicitly the A resonance in a nite volume [7, 8, 9, 10] reveds a
signi cant dependence on the lattice extent, L, seethe RHS of Fig. 1 for a xed pion massof 600
MeV, and alows for a simultaneous description of the m; and L dependence of the lattice data.
Thelatticeresults and the corresponding chiral t,
projected to the in nite volume, are represented L
by the Iled symbols and the shaded error band, 1'55‘

respectively, on the LHS of Fig. 1. The curvature L
of the chiral extrapolation is just strong enough 1-32— ]
as to provide an overlap with the experimental 12-% _______ - _%___i--;
value at the physical point, indicated by the star. ufb % ]

® N=2+1(27fm) E
B N=2+1(18fm) 3
& N=2(19fm)

¥ experiment _

Preliminary results on ga by RBC-UKQCD [11] { E
based on Nt = 2+ 1 domain wall fermions with 3 E
Ls = 16 and volumes of 1:8 and 2:7 fm are shown T
inFig. 2. Itisgratifying to seethat dynamical chi- . | s |
ral fermion calculations at pion masses as low as

= 330 MeV lead to results for ga with statistica ~ Figure 20 Results for ga from RBC-
errors around the 5% level. However, the signif- UKQCD[11].

icantly lower result at the lowest pion mass, rep-

resented by the shaded circle, may indicate that FSES are substantial. For comparison with results
from LHPC at similar pion masses see [12].

2.2 Nucleon charge radii and anomalous magnetic moments

Despite interesting developments on the theoretical as well as the experimental side in this
eld, publications on nucleon form factors (FFs) Fy.2(Q?) in unquenched lattice QCD are surpris-
ingly scarce (for recent reviews, see[13, 14]). Thisincludes such fundamental observables as mean
square charge radii, hr2i, and the anomal ous magnetic moment, K,

2 _ 6 d 2 .
hr2i; = F(Q2=0) szFi(Q) . (2.2)
K=R(Q*=0=u F(Q*=0); (233)

where i = 1;2 and u = Gy (Q? = 0) is the nucleon magnetic moment. Preliminary results on
hrzi‘{ d as a function of the pion mass by QCDSF/UKQCD [15] are shown in Fig. 3. The mean
square isovector charge radius has been obtained from a new parametrization [15] of the Q?-
dependence of the lattice results for the Dirac FF F1(Q?). Even at the lowest pion mass of ? 340
MeV, the lattice data points are amost a factor of two below the experimental result, which isrep-
resented by the star. Chiral perturbation theory in the form of the small scale expansion (SSE) to
0(£3) in the in nite volume [16] predicts a rather strong slopein my;, which barely connects the
leftmost lattice datapoints with the experimental number, as indicated by the dashed line. It will be
highly interesting to see if the lattice results follow the chiral extrapolation curve at pion masses
below 300 MeV.

Similar results have been obtained by RBC-UKQCD [11], Fig. 4, where the charge radius has
been extracted from a dipole t to the lattice results, i.e. hrzif d— 12=sz, with the dipole mass
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Figure 3: Isovector mean square radius hr2i, from Figure 4: Isovector root mean square radius hrzif2
QCDSF/UKQCD [15]. from RBC-UKQCD [11].
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Figure 5: Quark contributions to the nucleon anomal ous magnetic moment k from QCDSF/UKQCD [15].

mp. Figure 5 shows preliminary results from QCDSF/UKQCD [15] on the up- and down-quark
contributions to the nucleon anomalous magnetic moment. The results of 3-parameter chiral ts
based on the small scale expansion (SSE) [16] to the lattice datapoints are represented by the shaded
errors bands, showing good agreement with the experimental values, indicated by the stars, at the
physical point. Nevertheless, these results should be taken with due caution since contributions
from disconnected diagrams have not been included.

Further results on vector and axial-vector nucleon form factors, including the axial-vector
charge radius and the pseudoscalar coupling constant, have been presented by QCDSF/UKQCD
[15], RBC-UKQCD [11] and the Athens-Cyprus-MIT collaboration [17, 18].

2.3 Pion form factor

Substantial progress based on new methods and techniques can be seen in lattice calculations
of, e.g., the pion form factor F(Q?). The analysis of many important hadron structure observables
requires small but non-zero values for the (squared) momentum transfer @ = (psr pi)?> = Q>
Typical examples are charge radii (2.2), anomalous magnetic moments (2.3) and angular momen-
tum contributions to the nucleon spin (see section 5.1), where in the latter two cases the corre-
sponding (generalized) FFs cannot be obtained at Q° = 0 because their contribution to hadron
matrix elements vanishes in the limit Q> ¥ 0. This poses a problem for current lattice calcu-
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Figure 6: Pion FF using pTBCsfrom [21]. Figure 7: Pion FF from ETMC [22].

lattice momenta are p = 2r=(aL) 300 MeV. A way around this in a dynamical lattice calcu-
lation is to use partialy twisted boundary conditions (pTBCs) [19, 20], leading to a modi ed

expression for the momentum transfer, g2g- = (Er.tec  Eitec)? (g+ (Br  B)=(aL))? with
Ei(f);TBC = ((ﬁ,(f) +'9|(f)=(aL))2 + f'nz)l:z, where the twisting angles (9|(f))j=1;2;3 can be tuned
continuously. An exploratory study of this technique, based on Ny = 2+ 1 DW fermions, has been
published recently [21], and the results for the pion FF are shown in Fig. 6. The vertical dashed
linesindicate the lowest non-zero g2 which can be obtained in the conventional calculation, and all
|attice datapoints to the left of these lines (except at g7 =0) could only be obtained using pTBCs.
The smallness of the error bars for non-zero twisting angle but vanishing initial and nal hadron

three-momenta (two leftmost Iled squares) isimpressive, in particular in compa rison with the er-
ror bars of datapoints obtained for non-zero hadron momenta, which are a factor of 5 to 10 larger
due to larger statistical noise. Similarly noteworthy progress has been reported by ETMC in the
calculation of F(Q?) based on twisted mass Wilson fermions [22] at pion masses as low as 300
MeV. All-to-all propagators have been evaluated using stochastic sources and utilized for the calcu-
lation of pion three- and two-point-functions, leading to a substantial improvement of the precision
compared to the standard approach employing point-to-all propagators, see Fig. 7.

A caculation of the pion FF at pion masses
down to 288 MeV, using N; = 2 overlap fermions 0.50 [
with a Wilson kernel and the Iwasaki gauge ac- 0‘455
tion in a xed topological sector, has been pre- E eimen ]
sented by JLQCD [23]. The calculation of the =" & ;
pion correlation functions is based on al-to-all ~ Tosp e ]
propagators, which have been evaluated following v 0_302 5; :
the strategy proposed in [24]. Preliminary results g ;
for the pion charge radius, obtained from a vari- : ]
ety of parametrizations of the Q?-dependence of 020 Lol
F(Q?), versus the pion mass are shown in Fig. 8. . _ M, GeV') .
It is remarkable that a statistical precision at the i%gg?zgon mean souare charge radius from
few percent level has been achieved with chiral '
fermionsin adynamical calculation at such low pion masses. Further studies of systematic effects
related to e.g. the nite lattice volume, setting of the scale and xed topology may he Ip to under-
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Figure 9: The transition FFEZ calculated in [17]. Figure 10: CA in ChPT (SSE) by Procura [28].

stand why the absolute values twfi p In Fig. 8 are rather low compared to experiment, and also
lower than the results obtained recently in an extensive stuEy(@z) based oriN; = 2 improved
Wilson fermions [25].

2.4 Vector meson quadrupole moments

Matrix elements of the vector current for spin one hadrons, l.¢P° jag.air (P, S)i for
ther , can be parametrized by the three form fac®e$Q?), Gu(Q?) andGqo(Q?). Their forward
values atQ? = 0 are directly related to the electric chargethe magnetic moment; and the
quadrupole momer®, respectively, .gGo(Q? = 0) = n?Q,. All these observables obviously
yield important information about hadron structure, and quadrupole monremparticular can
exhibit possible spatial deformations of hadrons. Recently, the vectamfesn factors have been
studied in quenched lattice QCD using fat-link irrelevant clover (FLICinfiens at pion masses
as low as 290 MeV [26]. As in the case of magnetic moments, quadrupole moments cannot
be directly extracted from the lattice correlators, since their contribution tontiteix elements
vanishes in the limiQ?! 0. Assuming that th&€?-dependence of the electric and quadrupole
form factors is similar at lovQ?, GQ(QZ):GE(QZ) const., one obtains an approximation for the
quadrupole moment of, e.g., thedrom Q,  Go(Q?)=(Ge(Q?)m?) for smallQ?. Based on results
for Ge(Q?) andGo(Q?) atQ?' 0:22 Ge\?, a clearly non-zero small negative val@,  0:007
fm?, has been obtained for thre quadrupole moment [26]. Together with results for the charge
radiushr?i, of ther, this leads to a ratio gR),j=r%, 1=30 1=50, indicating that the is not
completely spherically symmetric but slightly oblate.

2.5 Nucleon toD axial-vector transition form factors

In contrast to the vector mesons discussed in the previous section, tkemas a spin42
particle has no (static) quadrupole moment which could be utilized to measssibleodeviations
from spherical symmetry. Instead, spin2lto spin 32, in particular nucleon t®, vector transi-



