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1. Introduction

Lattice QCD calculations of observables related to the structure of bagrensow being
carried out using simulations of the theory with parameters close to the physigae both
in terms of pion mass and with respect to the continuum limit [1, 2, 3, 4, 5]. iticpéar, a
number of major collaborations are investigating the form factors and therfoments of par-

ton distributions of the nucleon that encode important information on its steuctarthis work

we consider the nucleon matrix elements of the operafdfs*" = Lﬁy{ﬂliﬁuz...igun}w and

Ot = @ytHiD ™. isun}ygw limiting ourselves tan = 1 andn = 2. The cas& = 1 reduces
to the nucleon form factors. The nucleon matrix element of the electromaguetent is written

in the form
ioHvq,

mlz\‘ 1/2
(NGB FINGS) = (o) (ps) PRI + SR e
(1.1)

whereq? = (p' — p)?, my is the nucleon mass arh (p) its energy.F;(0) = 1 for the proton and
zero for the neutron since we have a conserved curferi@) measures the anomalous magnetic
moment. They are connected to the electg, and magneticGy, Sachs form factors by the

. 2 .. .
relations: Ge(9?) = F1(q?) + (Z?]—N)ZFZ(qZ) and Gw (q?) = F1(¢?) + F2(g?). Similarly the matrix
element for the axial-vector current is given by

2 1/2
(N(p’,S’)IAﬁIN(p,S)>=i<|W'\'EN@> un(p’,s)

quYs

PilakAed }u ( S)
2mN 2 N(P,S).
(1.2)

We also study matrix elements of operators with a single derivatived). The matrix elements of
these operators are parameterized in terms of the generalized forns Se(@®?), B2o(Q?), C0(Q?)

and Ax(Q?), B2o(Q?) (Q% = —cP?). The results are non-perturbatively renormalized [6]. In this
work we use simulations withlr = 2 twisted mass fermions (TMF). They provide an attractive
formulation of lattice QCD that allows for automati¢(a) improvement, infrared regularization
of small eigenvalues and fast dynamical simulations [7]. For the calculatit,eanucleon ob-
servables discussed in this work the automét{@) improvement is particularly relevant since it
is achieved by tuning only one parameter in the action, requiring no furtheoirements on the
operator level. Details on the lattice evaluation can be found in Refs. [5].

Ga(GP) YuYs + ~—Gp(d?)

2. Nucleon form factors

Our lattice results on the nucleon axial chargeare shown in Fig. 1. We observe that results
at our three different lattice spacings are within error bars and thattsest the two different
volumes are also consistent. In the same figure we compare to the resultedhtsingN- =
2+ 1 domain wall fermions (DWF) by the RBC-UKQCD collaborations [4] and gsanhybrid
action with 2+1 flavors of staggered sea and domain wall valence fermjohslBC [8]. There
is agreement among lattice results using different lattice actions even baforg the continuum
and infinite volume limit indicating that lattice artifacts are small. The pion mass depeador
the nucleon axial charge has been studied withiryRB in the SSE formulation [9]. Fitting the
volume corrected and continuum extrapolated TMF results shown in Fig. findiga=1.12(8),
while fitting the raw lattice results we obtaingd=1.08(8) confirming that cut-off and volume
corrections have indeed a small effect.
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Figure 1. Left: Results onga as a function of the pion mass squared using TMF, DWF and domain
wall valence on a staggered sea (hybrid). Right:obtained by taking the continuum limit of the volume
corrected TMF data. The shaded area is the best chiral fietddta shown on the graph.

10 & i i BN =2 TMF 2=0.088fm L=2.8r 12 T T T
= 2=0.080fm L=2.8fm
' L ] ® N =2 TMF 2=0.089fm L=2.8fm m =298 MeV|
X N,=2+1 DWF a=0.084 L=2.7fm 10 F 4
0.8 - ’ 1 ’ O
S % Cosl NEL oI ]
S os | ke gt
= Nt
€ EXX < [ ]
a . O 0.6 & % 4
o'o04 B . %
0.4 q
LN
02 I Bx T A 1
’ T & 0.2 FX  N,=2+1 DWF a=0.084fm L=2.7fm m =330 MeV .
0.0 1 1 1 1 1 1 0.0 Y i |
0.0 0.5 1.0 1.5 2.0
2 2
Q? (GeVv?) Q% (GeVv?)
5 T T T T T T 20 T T T
B N=2 TMF a=0.080fm L=2.8fm B N=2 TMF a=0.089fm L=2.8fm m =298 MeV
4 r X N,=2+1 DWF 2=0.084 L=2.7fm - 15
S )
S L 4
g s B et
& ¥ O 10 A
=
2 r i< x B L]
4 < ]
L sl |
1H 5 - =
[} Em g
0 L L L L L L 0 L L == 8=
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.5 1.0 15 2.0
2 2
Q? (GeV?) Q? (GeVv?)

Figure2: Gg andGy atm; ~300 MeV (left) andGa andG,, (right) for various lattice actions. The filled
(green) circles show experimental data®a andGy. The solid line on the right panel is a dipole fit to
experimental data foBa(Q?) combined with pion pole dominance to get the solid curve shimwG,(Q?).

In Fig. 2 we show the isovector electric and magnetic form factorsat- 300 MeV as a
function of the momentum transfer squared. We compare our results witksrasing other’(a)
improved actions at the same pion mass [8, 10, 11]. The results are imegreie the case dbg,
while in the case o6y clover results from Ref. [10] are lower. In the same figure we also show
TMF results on the two axial-vector form factors and we compare with DWiat 330 MeV [4]
and hybrid results by LHPC at,; = 356 MeV [8] on a lattice witi. = 3.5 fm. The results are in
agreement in the case Giz(Q?), while in the case 06, (Q?) there are discrepancies at |6f
values, which may indicate that volume effects are not negligible on fortariasuch aﬁp(Qz)
which are strongly affected by the pion-pole.
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Figure 3: Our lattice data orix),_q (Azo) and(X)au_ad (Azo) as a function of the pion mass squared. Results
using other lattice actions are also plotted. The physioaitps shown by the asterisk.

3. Nucleon moments

In Fig. 3 we show our results on the spin-independent and helicity momeiutsesults using
other lattice actions [8, 12, 13]. Although to compare lattice data using diffeliscretization
schemes one would have to first extrapolate to the continuum limit, we find a agreément
among lattice results, due to small cut-off effects for lattice spacings oftdbaum. Lattice
values for(x)y_q = Axo(Q? = 0) although compatible, are higher from the phenomenological value
(Xu—d) ~ 0.16. A similar conclusion holds for the helicity moment.

4. Conclusions

Using Nr = 2 twisted mass fermions we obtain accurate results on the electromagnetic and
axial form factors, as well as the lower moments of parton distributions afubkeon. The results
are obtained as a function P for pion masses in the range of about 260-470 MeV. The general
feature is a flatter dependence @A than experiment. Our results are in agreement with recent
results obtained using other lattice fermions such as dynamjcal 2+ 1 domain wall fermions.
Having results at three lattice spacings enables us to take the continuum limitnd\bdi cut-
off effects are small for the values of the lattice spacings used in this wai&.also examine
the pion mass dependence of the form factors as well as of the quantitiesddey fitting the
Q?-dependence of these form factors.
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