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1. Introduction

This work is part of a systematic effort by the QCDSF/UKQCD collaboratioimtestigate
the structure of hadrons (see e.g. [1-5]), and in particular the spictwteuof the nucleon [6],
in lattice QCD. Thanks to their probability density interpretation, generalizedmpaistributions
(GPDs) in impact parameter space [7] are an extremely valuable tool fetutig of the transverse
spin structure of the nucleon [8]. Lattice results for transverse spisitile of quarks in the
nucleon not only show distinct correlations of spin and coordinate degrefreedom [4, 9], but
they may also for the first time allow for predictions on intrinsic transverse mamedependent
distribution functions like the Sivers and the Boer-Mulders functions, [Mjch can be accessed
experimentally in semi-inclusive DIS and Drell-Yan scattering [11-13].iBksilding blocks of
the transverse spin density (to be defined in section 3) are the twist-2 qelcky flip (tensor)
GPDsHr, ﬁT andEt [8, 14], which parametrize nucleon matrix elements of the bilocal tensor
operator on the light-cone:

P’/\’]/ d”énx 2n) n amyg@/q( n) IPA)

t - gHvLaBp o
_ u(P’,/\’)nu{G“Viyg<HT(x,E,t) _ ZmZHT(x,E,t)> —i—TayﬁET(X,E,t)
Albgvilayep gHVLaOBP v,
A 0+ S TR E 0 fupa, @D

wherev, = 1,2, flHvl = fHV _ fVB A = P/ — P is the momentum transfer with= A2, P =
(P"+P)/2, andé = —n-A/2 defines the longitudinal momentum transfer with the light-like vector
n. The Wilson line ensuring gauge invariance of the bilocal operator istdery % .

In the forward limit,A = O, Ht is equal to the transversity distributidfy (x,0,0) = dq(X) =
hi(x) for x > 0 andHt(x,0,0) = —5q(—X) = —ﬁl(—x) for x < 0. Furthermore, the integral of
Hr(x,&,t) overx gives the tensor form factorffldxl—lr(x,f,t) = gr(t). Essential for our in-
vestigations is the probability density interpretation of the GPDs in impact parasgee for
& =0[7]. For e.g. the quark GPHg(x, ¢ = 0,t) one finds that

q(x,b?) E/?ZIAT;Z e PrBLH, (X, & = 0,t = —A?) (1.2)

is the probability density for finding an unpolarized quark of flag@vith longitudinal momentum
fractionx and positiorb, = (by,by) relative to the center of momentum in a nucleon.

For the computation of the tensor GPDs in lattice QCD, we transform the LH§.dflEL) to
Mellin space by forming the integrgﬂldxﬁ—1 ---, resulting in nucleon matrix elements of towers
of local tensor operators

O (0) = oy Py 2 A(0) oMV y6iDH ...iDH1q(0) — traces (1.3)

which are parametrized in terms of tensor generalized form factors {@FRisBrni, AtpiandBrp.
Here,D = %(3 — 5), and.¥ and« denote symmetrization and anti-symmetrization respectively.
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Figure 1. Results for the lowest moment of the GIE (x,0,t) for up (left) and down (right) quarks for a
given 3, k-combination. Corresponding p-pole fits are shown by theeti@rror bands.

For the lowest moment= 1, we have [14, 16]

\% —r/ / v t ~
<P//\/‘ ﬁ# |P/\> = u(P,A ){G“ y5<AT10(t) — ZmZATlO(t)>

gHVABA v, A GVIa A
+TGBBT10('[) - W%GATlo(t)}U(P»/\) . (1.4)

The parametrization for higher moments 1 in terms of GFFs and their relations to the moments
of the GPDs can be found in [16].

2. Numerical resultsfor the lowest two moments of the tensor GPDs

The calculation of moments of GPDs in lattice QCD follows standard methods basea
cleon two- and three-point functions and has been described in detad inettature [1, 3,17].

This work is based on lattice simulations with = 2 flavors of dynamical non-perturbatively
0'(a) improved Wilson fermions and Wilson glue. Computations have been perfoatfeair
different couplingsB = 5.20, 525, 529, 540 with up to five differentk = Ksea Values perg,
corresponding to lattice spacings as small & 0m and pion masses as low as 400 MeV. The
scale has been set using= 0.467 fm. The computationally demanding disconnected contributions
are not included in this analysis. We expect, however, that they are sm#lief tensor GFFs [3].
We use non-perturbative renormalization [18] to transform our resuttsetelS scheme at a scale
of 4 Ge\2. More details of the simulation can be found in [2,3, 19].

In Fig. 1, we show results for the lowest moment of the GPHx, &,t) (calledBrio(t)) as
a function of the momentum transfer squated he lattice parameters in this case fire- 5.29,

Kk = 0.13590, corresponding to a pion mass$wf~ 600 MeV and a lattice spacing af~ 0.08 fm.
For the extrapolation to the forward limit£ 0) and in order to get a functional parametrization of
the lattice data, we fit all our GFFs (generically denotedrigt)) using a p-pole ansatz

F(0)
(1-t/(pm))®”

depending on the three parametér®), m, and p. It turns out that in most cases we do not

F(t) = (2.1)
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Figure2: Study of discretization errors of the tensor chafgep(0) = gt (0) for up (LHS) and down (RHS)
guarks at a pion mass of; ~ 600 MeV.

have sufficient statistics to determine all three parameters from a single fi tath. For a given
generalized form factor, we therefore fix the powgefirst by hand, guided by fits to selected
datasets, wherpis not allowed to vary witl3 andk. The forward valué-(0) and the p-pole mass
mp are subsequently determined by a fit to the lattice data. For the examples in Rig.fihd
By10(0) = 3.32(10) with m, = 0.88287) GeV (for p=2.2) andEchlo(O) = 2.06(6) with mp =
0.90053) GeV (for p=2.5). We have checked that the fits do not show a strong dependence on th
exact value ofp. In order to determine to what extent our calculation is affected by disatietiz
errors, we plot as an example in Fig. 2 the tensor chAfge(0) = gr (0) versus the lattice spacing
squared. The pion mass is approximately held fixeohats 600 MeV. Within errors, the results
do not show a clear dependence an At the same time, the still limited number @f values
does not allow for a definite extrapolation to the continuum limit. We will theref@glect anya
dependence of the GFFs and leave a more careful study of the contiimitifor future works.

The pion mass dependence of the lowest moment of the &P®,0,t = 0) is shown in
Fig. 3. Since we cannot expect the recent one-loop calculations il peitarbation theory [20]
to be applicable to our data, we refrain from using them to extrapolate sultseo the phys-
ical pion mass. Following common practice, we extrapolate the forward momedttha p-
pole masses to the physical pion mass using a linear ansatz of theaferon?. The results
of the corresponding fits are shown as shaded error bands in Fig.t3n;A 140 MeV, we
find By14(0) = 3.13(19) andE?lO(O) = 1.94(12). These comparatively large values already in-
dicate a significant contribution from this tensor GPD to the (transversée)sspicture of the nu-
cleon, as will be discussed in the next section. Since the (tensor)E3P0¢&,t) can be seen as
the analogue of the (vector) GPB(x,&,t), we may define an anomalous tensor magnetic mo-
ment [10],kt = [dxET(x,&,0) = Br10(0), similar to the standard anomalous magnetic moment
K = [dxE(x,&,0) = B1o(0) = F»(0). While the anomalous magnetic moments of the up and the
down quark are both large and of opposite siggf,p ~ 1.67 anng)?r‘J"’” ~ —2.03, we find large
positive values for the anomalous tensor magnetic moments for both flayfirs~ 3.13 and
KIWN ~ 1.94.

3. Latticeresultsfor the lowest two moments of the transver se spin density

The x"~1-moment of the density of transversely polarized quarks (with spin vegoin a
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Figure 3: Pion mass dependence of the lowest moment of the &P@®,0,t = 0) for up (left) and down
(right) quarks. The shaded error band shows an extrapoladithe physical pion mass based on an ansatz
linear inmé..

transversely polarized nucleon (with spin vectp) at impact parametds, is given by [8]

N 1 1 B L 1 L
p (bj_) = */ dX){1 1<F—|—SJLF-|J> = é {Ano(bi)—i-SlSL <ATnO(b§_) 4mzAb¢ATnO(bJ_)>

bJ gl

(s B, (bﬁ)+§;§m(bi))+§ (20, bl — b2 35S, %A (bﬁ)}. (3.1)

Definitions of the functiong= and FTj can be found in Ref. [8]. The impact parameter depen-
dent GFFsAy(b? ), Arro(b?),... in Eq. (3.1) are related to the momentum space GRR#),
Aro(t),... by a Fourier transformation as in Eq. (1.2). Their derivatives are ey f' = o”'bif
andfyp f = 4‘9b§ (bidbi) f.

For the numerical evaluation of Eq. (3.1), we Fourier transform thel@-parametrization
in Eg. (2.1) to impact parameter space and take all required derivatiiesespect tab,. The
(derivatives of) GFFs in impact parameter space then depend only @agble massn, and the
forward valueF (0), both of which have been linearly extrapolated to the physical pion magds, an
the powerp.

Based on these results, we show in Fig. 4 the lowest moment of the spin densityrans-
versely polarized quark, = (s,0) in an unpolarized nucleon. The lowest moment of the density
is strongly distorted in positivey, direction for up and for down quarks due to the large positive
values for the tensor GFFBy,(0) andECT’m(O) (see previous section). This is in strong contrast
to the distortions one finds for unpolarized quarks in a transverselyipadanucleon [4, 9, 21],
where the down quark density is distorted in negabiyelirection, due to the large and negative
anomalous magnetic momexigy" = Bf(0) ~ —2.03.

It has been argued by Burkardt [10] that the shifted densities in Fige 4edated to a non-
vanishing Boer-Mulders function [22} which describes the correlation of intrinsic quark trans-
verse momentum and the transverse quark spin According to [10] we have in particular
kT ~ —hi. Following this conjecture, the lattice results presented in this work for thetifine
strongly indicate that the Boer-Mulders function is large and negativefbottp and down quarks.

It would be highly interesting to confirm this in experiment, e.g. through measemt of azimuthal
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Figure4: Lowest momentrf = 1) of the density of transversely polarized quarks in an tamed nucleon
for up (left) and down (right) quarks. The quark spins aremted in the transverse plane as indicated, where

the inner arrow represents the quark spin vestor
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Figure5: Second i = 2) moment of the density of transversely polarized quarleinnpolarized nucleon
for up (left) and down (right) quarks. Symbols are explaiimedaption of Fig. 4

asymmetries in semi-inclusive meson production at JLab [12] and in unpedaltizell-Yan scat-

tering at GSIPANDA [13].
An important question is whether the pattern we observe for the lowest maitiet density

in Fig. 4 is generic and to what extent it changes for higher moments of tisétygldn a first attempt

to address this question, we show in Fig. 5 the 2-moment of the density . Encouragingly, the

direction and magnitude of the distortion is very similar to the lowest moment in Figihk

main difference is that the densities for the highes 2-moment are more peaked around the

originb, = 0. This is expected and confirms what has been observed in lattice calesiliztid 5]

and [2].

4. Conclusions and outlook

We have presented first lattice results for moments of quark helicity flip GBDspf and
down quarks with pion masses as low as 400 MeV. Within errors, we dohsetee a significant
dependence of the extracted observables on the lattice spacing. Wextraymlated our results to
the physical pion mass using an ansatz lineann The lowest moments of the GFBx turn out
to be large and positive for up and for down quarks, giving rise to gtyadistorted spin densities
for transversely polarized quarks in an unpolarized nucleon. Acogtd Burkardt [10], this leads
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to the prediction of a sizeable negative Boer-Mulders function [22] osind down quarks, which
may be confirmed in experiments at e.g. JLab and GSI [12, 13].

Further results and details of our comprehensive lattice study of the heligits®#Ds and
transverse spin densities will be presented in a separate publication [23].
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