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DESY 06-245, Edinburgh 2006/41, TUM/T39-06-16Transverse spin stru
ture of the nu
leon from latti
e QCD simulationsM. G�o
keler,1 Ph. H�agler,2 R. Horsley,3 Y. Nakamura,4 D. Pleiter,4 P.E.L.Rakow,5 A. S
h�afer,1 G. S
hierholz,6, 4 H. St�uben,7 and J.M. Zanotti3(QCDSF/UKQCD Collaborations)1Institut f�ur Theoretis
he Physik, Universit�at Regensburg, 93040 Regensburg, Germany2Institut f�ur Theoretis
he Physik T39, Physik-Department der TU M�un
hen,James-Fran
k-Stra�e, 85747 Gar
hing, Germany�3S
hool of Physi
s, University of Edinburgh, Edinburgh EH9 3JZ, UK4John von Neumann-Institut f�ur Computing NIC / DESY, 15738 Zeuthen, Germany5Theoreti
al Physi
s Division, Department of Mathemati
al S
ien
es,University of Liverpool, Liverpool L69 3BX, UK6Deuts
hes Elektron-Syn
hrotron DESY, 22603 Hamburg, Germany7Konrad-Zuse-Zentrum f�ur Informationste
hnik Berlin, 14195 Berlin, Germany(Dated: De
ember 29, 2006)We present the �rst 
al
ulation in latti
e QCD of the lowest two moments of transverse spindensities of quarks in the nu
leon. They en
ode 
orrelations between quark spin and orbital angularmomentum. Our dynami
al simulations are based on two 
avors of 
lover-improved Wilson fermionsand Wilson gluons. We �nd signi�
ant 
ontributions from 
ertain quark heli
ity 
ip generalizedparton distributions, leading to strongly distorted densities of transversely polarized quarks in thenu
leon. In parti
ular, based on our results and re
ent arguments by Burkardt [Phys. Rev. D 72(2005) 094020℄, we predi
t that the Boer-Mulders-fun
tion h?1 , des
ribing 
orrelations of transversequark spin and intrinsi
 transverse momentum of quarks, is large and negative for both up and downquarks.Introdu
tion.|The transverse spin (transversity)stru
ture of the nu
leon re
eived a lot of attention inre
ent years from both theory and experiment as it pro-vides a new perspe
tive on hadron stru
ture and QCDevolution (for a review see [1℄). A 
entral obje
t of inter-est is the quark transversity distribution Æq(x) = h1(x),whi
h des
ribes the probability to �nd a transversely po-larized quark with longitudinal momentum fra
tion x ina transversely polarized nu
leon [2℄. Mu
h progress hasbeen made in the understanding of so-
alled transversemomentum dependent PDFs (tmdPDFs) like e.g. theSivers fun
tion f?1T (x; k2?) [3℄, whi
h measures the 
or-relation of the intrinsi
 quark transverse momentum k?and the transverse nu
leon spin S?, as well as the Boer-Mulders fun
tion h?1 (x; k2?) [4℄, des
ribing the 
orrelationof k? and the transverse quark spin s?. While the Siversfun
tion begins to be understood, still very little is knownabout the sign and size of the Boer-Mulders fun
tion.A parti
ularly promising approa
h is based on3-dimensional densities of quarks in the nu
leon,�(x; b?; s?; S?) [5℄, representing the probability to �nd aquark with momentum fra
tion x and transverse spin s?at distan
e b? from the 
enter-of-momentum of the nu-
leon with transverse spin S?. As we will see below, thesetransverse spin densities show intriguing 
orrelations oftransverse 
oordinate and spin degrees of freedom. A
-
ording to Burkardt [6, 7℄, they are dire
tly related tothe above mentioned Sivers- and Boer-Mulders-fun
tions.Our latti
e results on transverse spin densities thereforeprovide for the �rst time quantitative predi
tions for thesigns and sizes of these tmdPDFs and the 
orresponding

experimentally a

essible asymmetries.Latti
e 
al
ulations give a

ess to x-moments of trans-verse quark spin densities [5℄�n(b?; s?; S?) = Z 1�1 dx xn�1�(x; b?; s?; S?) =12 �An0(b2?) + si?Si?�ATn0(b2?)� 14m2�b? eATn0(b2?)�+ bj?�jim �Si?B0n0(b2?) + si?B0Tn0(b2?)�+ si?(2bi?bj? � b2?Æij)Sj? 1m2 eA00Tn0(b2?)� ; (1)where m is the nu
leon mass. The b?-dependent nu
leongeneralized form fa
tors (GFFs) An0(b2?), ATn0(b2?); : : :in Eq. (1) are related to GFFs in momentum spa
eAn0(t), ATn0(t); : : : by a Fourier transformationf(b2?) � Z d2�?(2�)2 e�ib?��?f(t = ��2?) ; (2)where �? is the transverse momentum transfer to thenu
leon. Their derivatives are de�ned by f 0 � �b2?f and�b?f � 4�b2?�b2?�b2?�f . The generalized form fa
tors inthis work are dire
tly related to x-moments of the 
or-responding ve
tor and tensor generalized parton distri-butions (GPDs) (for a review see [8℄). The probabilityinterpretation of GPDs in impa
t parameter spa
e hasbeen �rst noted in [9℄. Apart from the orbitally symmet-ri
 monopole terms in the se
ond line of Eq.(1), there aretwo dipole stru
tures present in the third line of Eq.(1),
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FIG. 1: Results for the generalized form fa
tors BT (n=1;2)0(t).The 
orresponding p-pole parametrizations are shown by theshaded error bands.bj?�jisi? and bj?�jiSi?. The fourth line in Eq.(1) 
orre-sponds to a quadrupole term. The (derivatives of the)three GFFs Bn0(b?), BTn0(b?) and eATn0(b?) thus de-termine how strongly the orbital symmetry in the trans-verse plane is distorted by the dipole and the quadrupoleterms.The GFFs An0(t), ATn0(t); : : : parametrize o�-forwardnu
leon matrix elements of 
ertain lo
al quark operators.For the lowest moment n = 1 one �nds A10(t) = F1(t),B10(t) = F2(t) and AT10(t) = gT (t) where F1, F2 andgT are the Dira
, Pauli and tensor nu
leon form fa
tors,respe
tively. A 
on
rete example of the 
orrespondingparametrization for n = 1 is given by [10, 11℄hP 0�0jO��T jP�i = u(P 0;�0)����
5�AT10(t)� t2m2 eAT10(t)�+ �������
�2m BT10(t)� �[���℄�
5��2m2 eAT10(t)�u(P;�) ; (3)where O��T = �q���
5q is the lowest element of the towerof lo
al leading twist tensor (quark heli
ity 
ip) oper-ators. Parametrizations for higher moments n � 1 interms of tensor GFFs and their relation to GPDs aregiven in [11℄. As it is very 
hallenging to a

ess tensorGPDs in experiment [12℄, input from latti
e QCD 
al
u-lations is 
ru
ial in this 
ase.Simulation results.|Our latti
e 
al
ulations are basedon 
on�gurations generated with nf = 2 dynami
al non-
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FIG. 2: Study of dis
retization errors of the tensor 
hargeAT10(t=0) = gT (t=0) for up- and down-quarks at a pion massof m� � 600 MeV.perturbatively O(a) improved Wilson fermions and Wil-son gluons. Simulations have been performed at fourdi�erent 
ouplings � = 5:20, 5:25, 5:29, 5:40 with upto �ve di�erent � = �sea values per �, on latti
es ofV � T = 163 � 32 and 243 � 48. The latti
e spa
ingsare below 0:1 fm, the range of pion masses extends downto 400 MeV and the spatial volumes are as large as(2:1 fm)3. The latti
e s
ale a in physi
al units has beenset using a Sommer s
ale of r0 = 0:467 fm [13, 14℄. The
omputationally demanding dis
onne
ted 
ontributionsare not in
luded. We expe
t, however, that they aresmall for the tensor GFFs [15℄. We use non-perturbativerenormalization [16℄ to transform the latti
e results tothe MS s
heme at a s
ale of 4 GeV2. The 
al
ulationof GFFs in latti
e QCD follows standard methods (see,e.g., [17, 18, 19℄).In Fig. 1, we show as an example results for the GFFsBu;dT (n=1;2)0(t), 
orresponding to the lowest two momentsn = 1; 2 of the GPD Eu;dT (x; �; t) [20℄, as a fun
tion ofthe momentum transfer squared t, for a pion mass ofm� � 600 MeV, a latti
e spa
ing of a � 0:08 fm anda volume of V � (2 fm)3. For the extrapolation to theforward limit (t = 0) and in order to get a fun
tionalparametrization of the latti
e results, we �t all GFFs us-ing a p-pole ansatz F (t) = F0=(1� (t=(pm2p))p with thethree parameters F0 = F (t=0), mp and p for ea
h GFF.We 
onsider this ansatz [21℄ to be more physi
al thanprevious ones as the rms-radius hr2i1=2 / m�1p is inde-pendent of p. It turns out that in most 
ases the statisti
sis not suÆ
ient to determine all three parameters froma single �t to the latti
e data. For a given generalizedform fa
tor, we therefore �x the power p �rst, guided by�ts to sele
ted datasets, and subsequently determine theforward value F0 and the p-pole mass mp by a full �t tothe latti
e data. Some GFFs show a quark 
avor depen-den
e of the value of p, whi
h has already been observedin [22℄ for the Dira
 form fa
tor. For the examples inFig. 1, we �nd for u-quarks BuT10(t=0) = 3:34(8) withmp = 0:907(75) GeV, BuT20(t=0) = 0:750(32) with mp =1:261(40) GeV and for d-quarks BdT10(t=0) = 2:06(6)with mp = 0:889(48) GeV, BdT20(t=0) = 0:473(22) with
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FIG. 3: Pion mass dependen
e of the generalized form fa
torsBT (n=1;2)0(t=0) for up-quarks. The shaded error bands showextrapolations to the physi
al pion mass based on an ansatzlinear in m2�. The symbols are as in Fig. 2.mp = 1:233(27) GeV (all for p = 2:5). We have 
he
kedthat the �nal p-pole parametrizations only show a milddependen
e on the value of p 
hosen prior to the �t. Inorder to see to what extent our 
al
ulation is a�e
tedby dis
retization errors, we plot as an example in Fig. 2the tensor 
harge AT10(t=0) = gT (t=0) versus the lat-ti
e spa
ing squared, for a �xed m� � 600 MeV. Thedis
retization errors seem to be smaller than the statis-ti
al errors, and we will negle
t any dependen
e of theGFFs on a in the following. Taking our investigations ofthe volume dependen
e of the nu
leon mass and the axialve
tor form fa
tor gA [13, 23℄ as a guide, we estimate thatthe �nite volume e�e
ts for the latti
es and observablesstudied in this work are small and may be negle
ted.As an example of the pion mass dependen
e of ourresults, we show in Fig. 3 the GFFs BuT (n=1;2)0(t=0) ver-sus m2�. Unfortunately we 
annot expe
t 
hiral pertur-bation theory predi
tions [24℄ to be appli
able to mostof our latti
e data points, for whi
h the pion mass isstill rather large. To get an estimate of the GFFsat the physi
al point, we extrapolate the forward mo-ments and the p-pole masses using an ansatz linear inm2�. The results of the 
orresponding �ts are shown asshaded error bands in Fig. 3. At mphys� = 140 MeV,we �nd BuT10(t=0) = 2:93(13), BdT10(t=0) = 1:90(9) andBuT20(t=0) = 0:420(31), BdT20(t=0) = 0:260(23). These
omparatively large values already indi
ate a signi�
antimpa
t of this tensor GFF on the transverse spin stru
-ture of the nu
leon, as will be dis
ussed below. Sin
e the(tensor) GPD ET 
an be seen as the analogue of the (ve
-tor) GPD E, we may de�ne an anomalous tensor mag-neti
 moment [7℄, �T � R dxET (x; �; t=0) = BT10(t=0),similar to the standard anomalous magneti
 moment� = R dxE(x; �; t=0) = B10(t=0) = F2(t=0). While theu- and d-quark 
ontributions to the anomalous magneti
moment are both large and of opposite sign, �upexp � 1:67and �downexp � �2:03, we �nd large positive values forthe anomalous tensor magneti
 moment for both 
avors,
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FIG. 4: Lowest moment (n = 1) of the densities of un-polarized quarks in a transversely polarized nu
leon (left)and transversely polarized quarks in an unpolarized nu
leon(right) for up (upper plots) and down (lower plots) quarks.The quark spins (inner arrows) and nu
leon spins (outer ar-rows) are oriented in the transverse plane as indi
ated.�upT,latt � 3:0 and �downT,latt � 1:9. Similarly large positivevalues have been obtained in a re
ent model 
al
ulation[25℄. Large N
 
onsiderations predi
t �upT � �downT [26℄.Let us now dis
uss our results for �n(b?; s?; S?) inEq. (1). For the numeri
al evaluation we Fourier trans-form the p-pole parametrization to impa
t parameter(b?) spa
e. The parametrizations of the impa
t param-eter dependent GFFs then depend only on the p-polemasses mp and the forward values F0. Before showingour �nal results, we would like to note that the mo-ments of the transverse spin density 
an be written assum/di�eren
e of the 
orresponding moments for quarksand antiquarks, �n = �nq + (�1)n�nq , be
ause ve
tor andtensor operators transform identi
ally under 
harge 
on-jugation. Although we expe
t 
ontributions from anti-quarks to be small in general, only the n-even momentsmust be stri
tly positive. In Fig. 4, we show the lowestmoment n = 1 of spin densities for up and down quarksin the nu
leon. Due to the large anomalous magneti
moments �u;d, we �nd strong distortions for unpolarizedquarks in transversely polarized nu
leons (left part of the�gure). This has already been dis
ussed in [6℄, and 
anserve as a dynami
al explanation of the experimentallyobserved Sivers-e�e
t. Remarkably, we �nd even strongerdistortions for transversely polarized quarks s? = (sx; 0)in an unpolarized nu
leon, as 
an be seen on the righthand side of Fig. 4. The densities for up and for downquarks in this 
ase are both deformed in positive by dire
-tion due to the large positive values for the tensor GFFsBuT10(t=0) and BdT10(t=0), in strong 
ontrast to the dis-tortions one �nds for unpolarized quarks in a transversely
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FIG. 5: Se
ond moment (n = 2) of transverse spin densities.For details see 
aption of Fig. 4.polarized nu
leon. All of these observations are a
tuallyquite plausible, be
ause there is no gluon transversitywhi
h 
ould mix with quarks under evolution. Therefore,the transverse spin stru
ture is mu
h more valen
e-likethan the longitudinal one, whi
h is strongly a�e
ted bythe negative sign of the photon-gluon 
ontribution. Thusthe transverse quark spin and the transverse quark or-bital angular momentum simply seem to be aligned. Thefa
t that the u-quark (d-quark) spin is predominantlyoriented parallel (antiparallel) to the nu
leon spin thenexplains why densities of quarks with spin in x-dire
tionin an unpolarized nu
leon (moving towards the observerin z-dire
tion) are larger in the upper half plane. How-ever, the 
ontributions from down quarks with spin in(�x)-dire
tion dominate in a polarized nu
leon with spinalong the (+x)-axis, su
h that the orbital motion aroundthe (�x)-dire
tion leads to a larger down quark densityin the lower half plane. It has been argued by Burkardt[7℄ that the deformed densities on the right hand sideof Fig. 4 are related to a non-vanishing Boer-Muldersfun
tion [4℄ h?1 whi
h des
ribes the 
orrelation of in-trinsi
 quark transverse momentum and the transversequark spin s?. A

ording to [7℄ we have in parti
ular�T � �h?1 . If this 
onje
ture is 
orre
t our results implythat the Boer-Mulders fun
tion is large and negative bothfor up and down quarks. The fa
t that the 
orrelation ofquark and nu
leon spin is not 100 per
ent explains whythe deformation is more pronoun
ed in the Boer-Muldersthan in the Sivers 
ase.Fig. 5 shows the n = 2-moment of the densities. Obvi-ously, the pattern is very similar to that in Fig. 4, whi
hsupports our simple interpretation. The main di�eren
eis that the densities for the higher n = 2-moment aremore peaked around the origin b? = 0 as already ob-served in [27℄ for the ve
tor and axial ve
tor GFFs.

Con
lusions.|We have presented �rst latti
e resultsfor the lowest two moments of transverse spin densitiesof quarks in the nu
leon. Due to the large and positive
ontributions from the tensor GFF BTn0 for up and fordown quarks, we �nd strongly distorted spin densities fortransversely polarized quarks in an unpolarized nu
leon.A

ording to Burkardt [7℄, this leads to the predi
tion ofa sizable negative Boer-Mulders fun
tion [4℄ for up anddown quarks, whi
h may be 
on�rmed in experiments ate.g. JLab and GSI/FAIR [28, 29℄.The numeri
al 
al
ulations have been performed onthe Hita
hi SR8000 at LRZ (Muni
h), the apeNEXTat NIC/DESY (Zeuthen) and the BlueGene/L atNIC/FZJ (J�uli
h), EPCC (Edinburgh) and KEK (bythe Kanazawa group as part of the DIK resear
h pro-gramme). This work was supported by DFG (Fors
her-gruppe Gitter-Hadronen-Ph�anomenologie and Emmy-Noether programme), HGF (
ontra
t No. VH-NG-004)and EU I3HP (
ontra
t No. RII3-CT-2004-506078).� Ele
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