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1. Introduction

Lattice simulations provide a method for obtaining first principle results frorDQdbwever,
one must have control of systematic effects such as finite volume, finite |gtéoéng and large
guark masses. This means that in order to compare with or provide prediftiioexperiment, we
need to extrapolate the lattice results to the infinite volume and continuum limits, apbytieal
quark masses. This is an extremely difficult task, but with the advent otoewputers, significant
progress is now being made in getting these systematics under chtrol [1].

In this talk | highlight the progress being made in lattice simulations in severakart
hadronic physics, including nucleon electromagnetic form factors in@ebe nucleon isovec-
tor momentum fraction(x)'~9, in Sec[B, generalised parton distributions, including Ji's spin sum
rule, impact parameter GPDs and transverse spin densities, ifj Sec fihadliydn Sec[b, | present
some recent results of moments of vector and nucleon distribution amplituatescémprehensive
review of progress in the past year, sge [2].

2. Electromagnetic Form Factors

On the lattice, we determine the form factéxgg?) andF»(g?) by calculating the following
matrix element of the electromagnetic current

(9. 411(@1p. 9 = 0. 5) | PFR() +i0™ 2R up.9), (2.1)
whereu(p, s) is a Dirac spinor with momentunp, and spin polarisatiors, q = p' — p is the
momentum transfemy is the nucleon mass arjg is the electromagnetic current. The Dirdg )
and Pauli(F,) form factors of the proton are obtained by usijﬁﬁ) = %Jy“u— %d_yud, while for
isovector form factorsj“g = uyu—dy,d. Itis common to rewrite the form factofs andF, in
terms of the electric and magnetic Sachs form fac@gs: F, + qz/(ZmN)2 F andGh=F +F.

If one is using a conserved current, then (e.g. for the prd%éP?XO) = Gép)(O) =1 gives the
electric charge, whil&( (0) = u(P = 1+ k(P gives the magnetic moment, whe#g” (0) = «(P)
is the anomalous magnetic moment. From Eq] (2.1) with seerthaltvays appears with a factor
of g, so it is not possible to extract a value fer at g> = 0 directly from our lattice simulations.
Hence we are required to extrapolate the results we obtain atdfiteg? = 0. Form factor radii,

r = \/@ are defined from the slope of the form factogat= 0.

In Fig.|] we see results for the isovector Dirac radius from severardift fermion actions,
including latest results from the RBC/UKQCQ [3] (red circles) and LIFP(§#Een right and black
upside-down triangles) collaborations. These latest results are camiginesarlier quenched and
N¢ = 2 Wilson [B,[6] and domain-wall fermions (DWH) [, 8] results. We obseagreement be-
tween the different lattice formulations, while any discrepancies are aratiwhicfor systematic
uncertainties, such as finite volume effects, discretisation errors, e¢covienall pattern is typical
of lattice results fory, i.e. the lattice results lie below experiment with little variation as a function
of m2. Investigations using chiral perturbation theory predict that theseshdiild increase dra-
matically close to the chiral limi{]§] 9]. Current results indicate that in ordee&ssich curvature,
one needs to perform simulationsmat < 300 MeV.
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Figure 1. Comparison of results for the isovector
Dirac radius/;. Figure 2: Ratio of Dirac radii foru andd-quarks
from QCDSF. Dashed line indicates physiog|.

Lattice simulations of three-point functions are performed at the quark kewd hence they
have an advantage over experiment in that they can directly measure ithduatquark contri-
butions to the nucleon form factors. Such simulations can provide insightthmiaternal distri-
bution of charge and magnetisation in the nucleon. QCDSF have been stefgdependence
of the individual quark contributions to the nucleon form factors, andign [f we see some re-
sults for the ratio of thel- to u-quark contributions to the proton’s Dirac radius. Here we clearly
see thatg > r{ for all simulated quark masses (the same behaviour is seep)fandicating that
thed (u)-quarks are more broadly distributed thafd)-quarks in the proton (neutron). Note that
contributions from disconnected diagrams were not considered in thig stud

2.1 Accessing small Q% Partially twisted boundary conditions

On a lattice of spatial sizé,, momenta are discretised in units af/2. Modifying the bound-
ary conditions of the valence quarfs][10]x +L) = €%y (x), (k= 1,2,3) allows one to tune
the momenta continuousiy+ 6/L. Momentum transfer in a matrix element between states with
initial and final momentap; + é./L and pr + éf/l_, respectively, then read¥ = (p; — pi)? =

{[E(Pr,Br) ~ E(B,8)12— [(Pr+ 8/L) — (B +8/L)]°} , whereE(p, 8) = \/m2 + (5+ 6/L)2

F, is particularly interesting since it cannot be measured directlf at 0 to obtain magnetic
moments. Hence it needs to be extrapolated from fofiteshich can not only increase the error,
but can also introduce a model dependence into the result. Using partiatgdviis’s to access
smallg? values can help to constrain the extrapolatioge= 0 [[[1]. Additionalg®’s also allows
us to try to fit the lattice data with more advanced fit forms, such as that prdpmsKelly [12].
QCDSF has attempted to use a form motivated by [12]

F(Q) =F(0)(1+c1Q® +cnQ)*. (2.2)

Fits using [2]2) to lattice data &#(Q?) and G1(Q?) obtained with twisted bc’s are shown
in Fig. B. Here we clearly see that the form factor of the neutron is negative at smafl. For
G2, we see a hump at sma)?, similar but smaller than that seen in experimental data. It will be
interesting to see how the “hump” behaves as we decrease the quark mass.
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Figure 3: FJ((Q?) andG)(Q?) using twisted boundary conditions and a fit jn [2.2). Experital data for
G{ are denoted by the lighter (cyan) points in the right plot.

3. Nucleon Momentum Fraction, (x)

Lattice studies ofx)q are notorious in that all lattice results to date at heavy quark masses ex-
hibit an almost constant behaviour in quark mass towards the chiral limitraradraost a factor of
two larger than phenomenologically accepted results, leading many a lattatipnear to scratch
their head and wonder “Will this thing ever bend down?”, as predictelddh [1

To date, only connected contributions have been simulated to high predisioce results are
usually quoted for isovector quantities where disconnected contributaomtet

Dynamical configurations are now becoming

available at quark masses light enough to enable 0.35— . . : : :
calculations in the area where such bending is pre-
dicted to set in. Latest results in thS scheme %% ]
at 2 GeV are shown in Fig] 4 from the QCDSF I h b ;{}.} ’i"} .
[[4], LHP [I5] and RBC/UKQCD [[B] collabora- } ¢ . .
tions. In this figure we see excellent agreement o2} * . X0 ]
between the older quenchgd][{6] 17] and the lat- | wrsT 2002 o N=2+1 DA [RbCUKQCD) (271
estN; = 2+ 1 DWF andN¢ = 2 clover results, %% * o N v P 0 51)

. . . . » N,=2 Clover [QCDSF] (1.9-2.4 fm)
with the possible exception of the lightest clover o . < N0 Clover [QCDSF] (16 m)

o}
N

. 0.3 0.4 0.5

. . . ] 0 0.1
mass. This discrepancy may be attributed to a fi- mGev

nite size effec{myL = 2.78), since these effects

are expected to enhan¢e at light masseqd[18].  Figure 4 (x),_q from RBC/UKQCD (DWF),
While we see agreement between the DWFQCDSF (Clover) and LHPC (Mixed)

and Clover results, we observe a gap between

these results and those coming from the mixed action approach. Since th# pign mass de-

pendence is similar, this suggests that it is a renormalisation effect; a sogdesther enhanced

when we consider that the results from the mixed approach use (nturkadively improved) per-

turbative renormalisatior{ [15], while those from the other approachesiaisperturbative renor-
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malisation of the operators involved. Of course, for this issue to be fulphred, the mixed action
results need to be renormalised nonperturbatively.

4. Generalised Parton Distributions

A number of recent lattice results on moments of GPDs have been presg@Q&DSF/UKQCD
for the nucleon([[19] 20] and the piop [21] and by LHPC for the nucléidj.[Below, we discuss
only a small selection lattice of these results, related to the nucleon and picstrejmiture.

4.1 Spin Sum Rules

The total spin of the nucleon can be decomposed in terms of the quark aow ahgu-
lar momentum 12 = quq(uz) + Jg(12), which is then further decomposed into the quark and
gluon spin and orbital angular momentum contributigns ¥, 3A%y+ 34Lq+AG+ Lg, where
AZ andAG are the standard gauge-invariant quark and gluon spin fractions, thkilerbital an-
gular momentum contributions are defined lhy= J; — A%X/2 andLy = J; — AG. The gauge-
invariant total angular momentl 4 are related to the forward values of tfre= 2)-moments of
the GPDsH andE through Jq4 = [ dxx(H(x,&,0) +E(x,&,0)) = (A35(0) + B35 (0)) [BJ]. Since
Ag’(?(O) = (x)*9 are simply the quark and gluon momentum fractions, we have by momentum con-
servation 1= qugOm) + AJ,(0), hence we have a sum rule for the anomalous gravitomagnetic
moments 0= ¥ ,B7,(0) + BJ,(0). Here we stress that although the sum is scale and scheme inde-
pendent and is equal to zero, this is not the case for the indivB%’al

Figure [b shows preliminary results from
QCDSF/UKQCD for the nucleon spin decompo- 04—

sition in theMS scheme at a scale of 4 GefiLd]. 0632 s *‘ *i v ! -!;
It is remarkable that the+ d-quark OAM contri- ool Y i ! t

bution is compatible with zero over the full range 02*?

. . . 0.15
of accessible pion masses. The same behaviour ~J;

has been observed by LHPC]15]. 005} +

A potential improvement in the determina- 0 '”*"“"'}'"ﬁ """"""" *(»H,
. q . .. . -0.05 Lu+d‘_._‘ T
tion of B,, from the lattice is in the extrapolation 01 ST T 5% 1
that is required from the simulated pointgjat4 O ' m.2 [GeV?] '

to the required poing? = 0. As seenin Se¢. 2.1, _ o ,

this can be achieved throuah the use of t .StedFlgure 5. Decomposition of the nucleon spin
: nieved throug use of WisteGy om QepsFuKQeD [ap]

boundary conditions, which is currently being ex-

plored by the QCDSF collaboratiofi [11]. This may become particularly impoataiight quark

masses when the data becomes noisier, and hence the extrapolation icpostigined.

4.2 Spin Asymmetries

In the past couple of years, QCDSF have been computing the first two n®mwiewvector
and tensor GPDs in order gain an understanding on how quarks dialgmhstributed inside the
nucleon [2P] and pion{[21]. Of particular interest is the strong correlatietween the transverse
spin and coordinate degrees of freed¢nj [23].
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Impact densities of quarks with longitudinal momentum fractirtransverse spirg,, at a
transverse distancé, , from the centre of momentum of a piop(k,b,,s,)) or nucleon with
transverse spir§, , (o(x,b.,S,,s,)), can be directly obtained from the Impact Parameter GPDs,
H(x,b2 ), Er(x,b?), etc.

The lowest two moments of these GPDs  os

0.6 3
have been calculated recently by QCDSF for °4 04
the nucleon [[20] and pion [1]. In Fig] 6 =° 02 2
we show the lowest-moment of the density, ?Q‘) 70.: ) £
p"(b,,s,) for up quarks in ar". Com- .
pared to the unpolarized case on the left, the _,, 06 el

-06 -04-02 0 02 04 06 -06 -04-02 0 02 04 06

density of quarks with transverse spinxn bxlfm] bylfm]

direction on the right in Fid/]6 is strongly dis-

torted in theby-direction. A similar picture  Figure 6: Densities of up-quarks in the" from
emerged from an analysis of nucleon GPDs QCDSF/UKQCD ]. The arrow indicates the ori-
[EQ] and proves the presence of strong cor-entation of the transverse quark sgin

relations of the forns, x b, between trans-

verse spin and coordinate degrees of freedom of quarks in the pios.diEtortion suggest§ [23]
that the so-called Boer-Mulders functihﬁ’L(x, k, ) of the pion is large and negative.

5. Distribution Amplitudes

Results for moments of the light pseudoscalar meson distribution amplitude} ieYesbeen
presented by QCDSIf [P4] and UKQCD/RB[][25] in the last couple ofsieldere we will focus
on some recent results for vector mesons and the nucleon.

5.1 Vector Mesons
For spin-1 mesons, there are two twist-2 DA,&), @ (&), as opposed to a single DA for
spin-0 mesons. The lowest momentgp{&) are obtained from the local matrix elements
— g A
(O1T0)(p Dy SOOV(P,A)) = My fy Py (€1 (5.1)
(01G(0)Y; DuDyy A(O)IV (P A)) = —imy fv pypPuely (€2 (5.2)

wheremy and fy are the mass and decay constant, respectively, of the the vector rWesord
&y Is a polarisation vector. The momen(§,”>\“, are extracted by constructing ratios of lattice
two-point functions[[26[ 37] and the bare lattice results are then renoedalis

In Fig. [T we see some preliminary results from the RBC/UKQCD coIIaboratkm&Efl)lL*
and <EZ>L‘, calculated withN; = 2+ 1 DWF configurations with 4 values of the light quark mass
and 2 volumes[[37]. The results indicate that there are no clear signitefitume effects. After
renormalising to th&1S scheme ati2 = 4 Ge\2, they find

<€>l‘<* ~ 0.035917)(22) <Ez>ﬂ, ~ 0.240(36)(12) (Ez>l|<* ~ 0.252(17)(12) , (5.3)
which compare well with the preliminary results from QCD$H [26]

(E)). ~0.036(3) , (£)&. ~0.030(2) . (5.4)
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Figure 7: Unrenormalised results fc(rfl>l‘<* and<62>|[|, usingN; = 2+ 1 Domain Wall Fermions on two
different volumes[[27].
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Figure 8: Nucleon decay constanty, (top/left) and difference between ratios of moments @hutteft) in-
dicating an asymmetry betwegr® and@®?°. Right: Barycentric contour plot of the leading-twist newh
distribution amplitude. All results are in tiS scheme at 2 GeV.

These results show ti&J (3)¢-breaking effects in th&* DAs in a similar way to that observed for

theK DAs in [24.[25].

5.2 Nucleon

For the proton, there are three twist-2 distribution amplitudés\, T. In a similar way
to the case of mesons above, their momelt§™ A™ T'"™) can be obtained from hadron-
to-vacuum matrix elements of local operatofs| [28]. It is useful to coosthe combination,
@™ = F(vIM _ Al 2TINM) In the asymptotic limitg (X, Q% — ) = 1204 x,x3 and we have
@100 — (010 _ ;001 _ % @00 — (020 _ ;002 _ % @10 — 101 — 011 _ 2% hence it is useful to
look for asymmetries, such g8 — 00,

QCDSF have calculated first two momerjtg [29] using an improved constraiagygsis which
considers ratios of correlators together with nonperturbative renoatiahsof the appropriate 3-
quark operator§[30]. By considering the difference between twh mts, as shown in Fig] 8,
the asymmetry is pronounced and increases as one approaches thigmhira
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These asymmetries are visualised in the right plot of [fig. 8, where the lattice m®irave
been used in a polynomial expansion of the full nucleon DA. Hkepe; refer to momentum frac-
tions of the three quarks in the proton and the asymmetries indicate thatqhark with spin
aligned with the proton spin has largest momentum fractiah (Interestingly, the asymmetries
are less pronounced than for QCD sum rule} [31] and other phendogérad determinationd[32].

6. Conclusions

Recently there has been an impressive amount of progress in lattice tatwlaf many
different hadronic quantities, providing fascinating insights into the straatihadrons. We have
seen that th&? scaling of hadronic form factors is now receiving an increasing amufiaitention.

In particular, twisted boundary conditions are providing access to €pabiut there also is work
underway to attempt to probe the largé region (> 4 GeV). The smallQ? region is also an
interesting place to study the Dirac and Sachs electric form factors of thene The results that
are now becoming available at sm@f are not only able to help constrain static quantities such as
charge radii and magnetic/quadrupole moments, but also the value of thaligaed form factor
B2o(g?), which atg? = 0 provides the value of the anomalous gravitomagnetic moment, which is
important in Ji's angular momentum sum rule.

While there appears to be a slight tension between the renormalisation of §tmedattice
results for(x),_q, the overall pattern seems to indicate that we may now at last be entering the
region where the results may start to “bend down” towards the phenomécadleglue. However
once again, FSE are predicted to become an issue close to the physigabgsi®rso care will need
to be taken to ensure this encouraging behaviour continues.

Lattice calculations of moments of generalised parton distributions are prgvidiights into
the different quark contributions to the nucleon’s spin and angular momemted current results
indicateJ, ~ 46%, Jy ~ 0, L,,q ~ 0. These moments are also providing evidence for non-trivial
transverse spin densities in the pion and nucleon.

Following the recent success of lattice calculations of the moments of the lightipscalar
meson distribution amplitudes (DAS), there are now results becoming avait@biediments of
vector meson and proton DAs. Results for the proton are providing esédirat asymmetries
exist in the way the momentum of the nucleon is distributed amongst its constitughkisgwith
the u-quark with its spin aligned to that of the proton carrying the most momentum. éudts
also indicate that the symmetries are less pronounced than in QCD sum-rules.
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