
For Publisher's usePOLARIZATION IN QCDJ.-M. LE GOFFDAPNIA/SPhN CEA-Salay, F91191 Gif-sur-Yvette, FraneE-mail: jmlego��ea.frWe �rst deal with the muon anomalous magneti moment whih is found to di�er from the standardmodel predition by 2.7 �. A new proposal will aim at reduing the error by a fator 2. The main partof the paper then deals with the spin struture of the nuleon whih an be studied in terms of quarkand gluon heliity distributions, quark transversity distributions and generalized parton distributions.The main reent results are �rst indiations that the total gluon spin in the nuleon might be smalland a �rst measurement of the Collins fragmentation funtion whih is needed to extrat transversitydistributions from semi-inlusive DIS data.1 The muon anomalous magnetimomentThe muon anomalous magneti moment a� =(g� � 2)=2 an be both measured and om-puted very aurately. Deviations from thestandard model predition are expeted a-ording to many models: SUSY, leptoquark,muon substruture or anomalousW oupling.The E821 experiment 1 in Brookhavenmakes use of a muon beam obtained by pionweak deay. This beam is naturally polarizeddue to parity violation in pion deay. Themuons are injeted in a ring where their spinsrotate slightly faster than their momentum.This preession is proportional to a�. Therate of positrons from muon deay is reordedin 24 eletromagneti alorimeters. Due toparity violation in muon deay this rate isa dereasing exponential modulated at thepreession frequeny, as illustrated in Fig. 1.The rate is �tted by N(t) = N0 e�t=� [1 +A os(!at+�)℄ whih provides the preessionfrequeny !a. The magneti �eld is measuredby a NMR probe in units of the free protonpreession frequeny, !p. Knowing the ra-tio of muon-to-proton magneti moment frommuonium experiments, the ratio !a=!p pro-vides a� = (11; 659; 208�5�3)�10�10. Thisis an auray of 0.5 ppm, whih is 15 timesbetter than the previous experiment.The alulation of a� in the standardmodel involves several ontributions dis-

Table 1. World averaged experimental measurementand various theoretial ontributions to a� in unitsof 10�10, see textQED 11; 659; 471:94� 0:14Had LO 693:4� 6:4Had LBL 12:0� 3:5Had HO �10:0� 0:6weak 15:4� 0:22total 11; 659; 182:7� 7:3exp 11; 659; 208� 6exp-the 25:3� 9:4played in table 1. The QED ontribution isby far the largest. It is omputed up to 4loops and is then very aurately known. Theweak ontribution is small; it is omputed to2 loops and is also very aurately known.The hadroni ontribution is split into threeterms: leading order (LO), light by light term(LBL) and higher order (HO). The evalua-tion of the leading order term (hadroni va-uum polarization) is based on e+e� data. Anevaluation from tau deay data is also possi-ble but it requires several deliate orretionsand it does not give a result ompatible withthose from e+e�.As an be seen in the table, the worldaveraged experimental result di�er from thestandard model predition by 25:3 � 9:4,i.e. 2.7 �. A new experiment, E969, is pro-posed in order to reah Æa� � 2 � 10�10. Themain ideas and the ring will be kept, the num-
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500-600Figure 1. The positron rate in E821 as a funtion oftime exhibits an exponential shape (note logarithmivertial sale) modulated at the preession frequeny.ber of muons will be inreased by a fator5 and the systematis dereased. Togetherwith expeted improvements in the theory again by a fator 2 is expeted in the error onthe di�erene between experiment and the-ory. This should larify whether the 2.7 �disrepany observed is a real e�et or not.2 Quark polarized distributionsThe spin 1=2 of the nuleon an be de-omposed in the ontributions from its on-stituents as 212 = 12��+�G+ Lq + Lg; (1)where �� is the total number of quarks withspin parallel to the spin of the nuleon mi-nus the number of quarks with spin anti-parallel; one weighted by the spin of thequark, i.e. 1/2, this is the ontribution fromthe quark spins to the nuleon spin. Simi-larly, �G is the ontribution from the spin ofthe gluons (whih have spin 1). Finally, Lqand Lg are the ontributions from the orbitalangular momentum of quarks and gluons, re-spetively.The ontribution �� an be measured ininlusive deep inelasti sattering (DIS) ex-periments where a high energy lepton satterson a nuleon target through the exhange of

a virtual photon. There exist only two in-dependent Lorentz invariants whih an behosen as Q2 = �q2�, the virtuality of thephoton, and xbj = Q2=2M�, where � isthe photon energy and M the nuleon mass.Q2 gives the probe resolution, while xbj anbe interpreted as the fration of the nuleonmomentum arried by the quark whih ab-sorbed the virtual photon. In unpolarizedDIS one measures ross setions whih in-volve two struture funtions depending onlyon the two invariants x and Q2. To �rstorder (i.e. in the parton model) the Q2 de-pendene vanishes, indiating sattering onpoint-like partiles (the quarks) and we havee.g. F1(x) = 12 P e2qq(x). Here the quark dis-tribution funtion q(x) gives the probabilitydensity for �nding inside the nuleon a quarkof avor q and momentum fration x.In polarized DIS one measures ross-setion spin di�erenes, �� = �"# � �"",whih involve the polarized struture fun-tions g1 and g2. In the parton model g1reads g1(x) = 12 P e2q�q(x), where �q(x) =q+(x) � q�(x) ounts the number of quarkswith spin parallel to the spin of the nuleonminus the number of quarks with spin an-tiparallel.In 1988 the EMC experiment measured�1 = R 10 g1(x)dx = 12 P e2q�q, where �q =R 10 q(x)dx. The sum �u + �d + �s is thenthe total number of quarks with spin parallelminus those with spin antiparallel, whatevertheir momentum and avor, i.e. the quarkspin ontribution to the nuleon spin, ��.Combining the measurement of �1 with hy-peron beta-deay data and using avor SU(3)symmetry, they got �� = 12 � 9 � 14%.Due to a theoretial expetation of � 60%this ame as a big surprise, whih was ad-vertised as the \spin risis", and the or-responding paper 3 is still one of the 6most ited experimental papers on the SLACSPIRES database. The result was on�rmedby SMC 4, SLAC 5 and Hermes 6, giving�� = 20 to 30 % depending on the analy-
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Figure 2. The virtual-photon deuteron asymmetry Ad1 � g1=F1 measured by COMPASS. The error barsrepresent the statistial error and the band the systemati error.sis. The main unertainty in this result arisesfrom the extrapolation in the unmeasured re-gion at x < 0:003.The new gd1 data 7 from COMPASS pre-sented in �g 2 over the range 0:004 < x <0:5. Below a few 10�2 they have muhsmaller errors than earlier data as an be seenin the insert. Inluding these data in a QCDanalysis performed by COMPASS hanges�� from 0:202+0:042�0:077 to 0:237+0:024�0:029, where wenote a redution of the error by about a fator2. The �nal g1 data of Hermes 8 on proton,deuteron and neutron, presented in Fig. 3,exhibit a very good statistial auray. Thesmearing between x bins, due to spetrome-ter resolution and radiative e�ets, was takeninto aount in the analysis, resulting in aorrelation between the measurements in thedi�erent bins.Je�erson laboratory has obtained the�rst aurate virtual-photon neutron asym-metries An1 � gn1 =Fn1 at high x 9, showingfor the �rst time that An1 beomes positivefor x > 0:5. Combined with world aver-aged Ap1 data, this provides a measurementof �u=u and �d=d as illustrated in Fig. 4. Iforbital angular momentum is negleted, per-turbative QCD predits that both �u=u and�d=d should go to 1 when x goes to 1. Inthe �gure we note that this seems indeed to
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0 0.2 0.4 0.6 0.8 1Figure 4. deltau=u and �d=d as a funtion of x.be the ase for �u=u but that �d=d remainsnegative up to the highest measured x, 0.6.This might indiate that orbital angular mo-mentum annot be negleted, at least in thepartiular domain of high x.As a onlusion of this setion devoted toquark ontributions, we should say that themeasurement of �1 does not exatly provide��, but rather the singlet axial matrix ele-ment a0. Naively, the two quantities are iden-ti�ed. However, due to the axial anomaly inQCD, they are related bya0 = ��� 3�s2� �G: (2)If �G = 0 then �� = a0 � 0:2, but if �G islarge, on the order of 2.5, we get �� on theorder of 0.6, whih solves the spin risis.3 Gluon polarized distribution3.1 With a lepton beamAlthough they do not arry an eletri hargethe gluons an be probed with a lepton beam

using the photon gluon fusion (PGF) proess,�g ! q�q, where the gluon interats withthe virtual photon through the exhange ofa quark and a q�q pair is produed in the �-nal state. The ross setion for this proessis of ourse muh smaller than for the leadingorder absorption of the virtual photon by aquark. Therefore a tagging is needed.The leanest tagging is provided by re-quiring the q�q pair to be a � pair, sine thepresene of  quarks inside the nuleon (in-trinsi harm) is negligible. The  quark isidenti�ed in the form of a D0 meson whihdeays to K� with a 4% branhing ratio.Due to multiple sattering inside the thikpolarized target the D0 deay vertex an-not be distinguished from the primary ver-tex and the D0 is seen as a peak in thereonstruted K� mass above a ombinato-rial bakground. This bakground an be re-dued by seleting D0 oming from the de-ay D� ! D0�s. Beause the di�erene ofmasses MD� � MD0 � M� is only 6 MeVthe � is soft and there is little phase spaefor the bakground. Due to the bakgroundand the small ross setion, this hannel isstatistially limited: using 2002 and 2003data COMPASS gets �G=G = �1:08� 0:76.There is twie as muh data in the 2004 runand the data taking is resuming in 2006 withan improved apparatus.In the absorption of the virtual pho-ton by a quark, the produed hadrons goin the diretion of the virtual photon witha small transverse momentum pt relativeto it. An alternative tagging of PGF isthen obtained by requiring a pair of hadronswith large pt. However, there are severalsoures of physial bakground and the mea-sured asymmetry an be written as Ak =RPGF aPGFLL (�G=G) + Abkg . Here RPGFis the fration of PGF event in the sample;aPGFLL is the analyzing power, i.e. the spinasymmetry of the PGF proess whih an beomputed in perturbative QCD; and Abkg isthe asymmetry of the bakground. The bak-
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For Publisher's useground inludes the QCD Compton proess,�q ! qg, and at low Q2 the resolved pho-ton proesses where the photon utuates toa hadroni state and one of the partons fromthe photon interats with one of the partonsfrom the nuleon.Analyzing 2002 and 2003 data at Q2 < 1GeV2, using Pythia to estimate RPGF andAbkg , COMPASS obtains 10 :�GG (x = 0:10) = 0:024� 0:089� 0:057: (3)Suh a low systemati error is obtained dueto the fat that a large part of the erroris proportional to the asymmetry, whih issmall. This result is presented in Fig. 5, to-gether with earlier measurements. The Her-mes measurement 11 is dominated by low Q2data where the resolved photon ontributionis important. The bakground asymmetrywas however negleted in this analysis, whihmay ast some doubt on the result. The SMCresult 12 and the COMPASS result at Q2 > 1ome from a region where the bakgroundis easier do deal with. However, they su�erfrom low statistis.
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For Publisher's use4 TransversityAt leading twist there exist three parton dis-tribution funtions for the nuleon 15. Theunpolarized pdf, q(x), the longitudinally po-larized pdf or heliity pdf, �q(x) = q+(x) �q�(x), and the transversity pdf, �T q(x) =q""(x)�q"#(x). Here q""(x) is the probabilitydensity funtion for �nding a quark with spinparallel to the spin of the nuleon but whenthe diretion of the spin is observed perpen-diularly to the momentum. Beause rota-tions do not ommute with Lorentz booststransversity and heliity distributions di�er.For instane, due to gluons having spin 1,there is no gluon transversity distribution,while there is a gluon heliity distribution.Transversity is a hiral odd funtion.Therefore, sine all hard proesses onserveheliity, it deouples from DIS as illustratedin Fig. 7. In order to measure transversity,one needs to introdue a seond soft objetin addition to transversity, to allow for heli-ity ip. The simplest solution is to introduea seond proton and to measure Drell-Yanproess, pp! l+l�X . This happens throughthe hard proess q�q ! � ! l+l� and pro-vides the onvolution of �T q in one protonby �T �q in the other proton.
++

−+

+

P PFigure 7. A pdf represents the probability to emit aparton from the nuleon. The square of the orre-sponding amplitude is then the lower part of the di-agram. In the ase of transversity the heliity of theemitted and reabsorbed partons are opposite whereasall hard proesses involved e.g. in DIS onserve heli-ity. So the hard (upper) part of the diagram annotbe onneted to the soft (lower) part, i.e. transversityannot be measured in DIS.It is also possible to measure transver-sity in semi-inlusive DIS. In this ase the

seond soft objet is a polarized fragmenta-tion funtion and one measures the produtof transversity times this polarized fragmen-tation funtion. Two kinds of polarized frag-mentation have been used so far. The Collinsfragmentation funtion tells how muh thetransverse spin of the fragmenting quark isreeted in the azimuthal distribution of theprodued hadrons. It results in an azimuthalasymmetry in terms of the Collins angle,�ol = �h + �s � �, where �h is the az-imuthal angle of the produed hadron and�s that of the target spin. Note that an az-imuthal asymmetry in terms of the Sivers an-gle, �siv = �h � �s, is also possible. It is notrelated to transversity but to quark momen-tum distribution in the plane transverse tothe nuleon momentum (intrinsi kT ).The so-alled interferene fragmentationfuntion is due to some interferene e�ets inthe prodution of two hadrons. It results inan azimuthal distribution in terms of the an-gle �RS = �R+�S��. In order to de�ne �Rwe must introdue the momentum of the twohadrons ~p1 and ~p2, ~ph = ~p1+ ~p2, ~R = ~p1� ~p2and ~R? whih is the omponent of ~R perpen-diular to ~ph. Then �R is the azimuthal angleof ~R?.Fig. 8 presents the Collins asymmetrymeasured on a proton target by the Hermesollaboration 16. A lear evidene for non-zero asymmetry is seen both for the produ-tion of �+ and ��. Fig. 9 presents the Siversasymmetry measured also by Hermes 16. Theasymmetry for �� is ompatible with zero,but for �+ it is learly positive. Suh a non-zero Sivers asymmetry should in some way berelated with orbital angular momentum.Fig. 10 shows the Collins and Siversasymmetries measured by COMPASS on adeuteron target 17. The data over a widerrange of x than Hermes data but, in spiteof statistial errors omparable to those ofHermes, no Collins nor Siver asymmetry isobserved, neither for positive nor negativehadrons. This is asribed to a possible an-
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For Publisher's usethan 0.7, we see a pretty large asymmetry.So we learly see a non-zero asymmetry andit is inreasing with z1 and z2 as expeted.Ten times more statistis is available, whihshould allow for a deonvolution and real ex-tration of the Collins funtion as a funtionof z.5 Generalized parton distributionsGeneralized parton distributions 22 (GPD)appear in deeply virtual Compton satter-ing, whih is the exlusive proess �p! p.In the deep region, i.e. large Q2 and �t �Q2 where t is the transfer to the nuleon,this proess an be fatorized at all ordersin QCD. At Leading order, as illustrated inFig. 14, a quark of longitudinal momentumfration x � � is emitted by the nuleon, thequark absorbs the virtual photon, emits a realphoton and is reabsorbed with a momentumfration x+�. The fatorization involves newsoft objets, the generalized parton distribu-tions whih are real funtions of x, � and t.There exist four of them, labelled H , ~H , Eand ~E.
Figure 14. The DVCS diagram at leading order.Due to the optial theorem the DIS ross-setion is proportional to the imaginary partof forward Compton sattering, �p ! �p.The diagram for the DVCS amplitude is thenvery similar to the diagram for the DIS ross-setion. The di�erene is that DVCS probesorrelations 	(x � �)	�(x + �) while DISprobes j	(x)j2 and that DVCS implies a non-zero momentum transfer to the nuleon, t.

Two of the GPDs orrespond to the same nu-leon spin in the initial and �nal states, inthe limit t = 0 and � = 0 they give bak pdf,namely H(x; 0; 0) = q(x) and ~H(x; 0; 0) =�q(x). The two other GPDs have s 6= s0 anddisonnet from the ross setion in the limitt = 0.The GPDs are also related to the formfators F (t), whih are the Fourrier trans-forms of the spatial distributions of quarksinside the nuleon. We have the sum rulesR H(x; �; t)dx = F1(t) and R E(x; �; t)dx =F2(t), where F1 and F2 are the Dira andPauli form fators. In the limit � = 0 theGPDs an be shown to provide a 3D view ofthe nuleon in terms of the momentum fra-tion and the impat parameter, f(x; d?). Itis therefore intuitive that GPDs have some-thing to do with the orbital angular momen-tum. This relation is formalized in the so-alled Ji sum rule.We an see that the DVCS diagram in-volves a loop over x. Therefore the amplitudeis an integral of GPD over x:TDVCS / Z dxx� � + i�H(x; �; t) =P Z dxx� �H(x; �; t)� i�H(x = �; �; t): (4)In addition DVCS interferes with the Bethe-Heitler proess whih is just an elasti sat-tering on the nuleon aompanied by the ra-diation of a real photon, either by the initialor the �nal lepton.This interferene an atually be use-ful. Sine the Bethe-Heitler amplitude isknown, the measurement of the interfereneprovides a measurement of the DVCS am-plitude. The interferene an be measuredin single spin asymmetry (polarized beam)whih selets the imaginary part of the DVCSamplitude, i.e. H(x = �; �; t); while thebeam harge asymmetry (e+ versus e�) se-lets the real part of the DVCS amplitude,i.e. R dxx��H(x; �; t).Measurements of single spin asymmetriesand beam harge asymmetries have been per-
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Figure 15. Beam harge asymmetry for the DVCSproess as a funtion of �t for the proton and thedeuteron. Hermes data are ompared to the predi-tions of di�erent models of proton GPDsformed by Je�erson Lab 23 and Hermes 24.Fig. 15 presents the beam harge asymme-tries obtained reently by Hermes 25. We seethat the error bars are still too large in theseexploratory data to disriminate the models.However, muh more preise data are ur-rently being analyzed at Je�erson Lab andnew preise data should be taken by Hermesin the oming years. After 2010 DVCS ex-periments at COMPASS and at a 12 GeVupgraded Je�erson lab should over a widerkinemati range.6 ConlusionsThe E821 experiment at Brookhaven givesa muon anomalous momentum whih is 2.7� from the standard model predition. Anew experiment and progress in theory areexpeted to redue the error by a fator 2.The spin struture of the nuleon is avery ative �eld. More topis than ould bedisussed here are being studied, like the ten-sor struture funtion of the deuteron at Her-mes.There are some �rst indiations that thegluon spin ontribution to the nuleon, �G,ould be smaller than the value of about

2.5 whih was somewhat expeted beauseit would solve the \spin risis". If this isindeed the ase, we are left with the risis,i.e. with a small ontribution of the quarkspin, �� = 0:2� 0:3.Non-zero asymmetries related totransversity have been measured by Hermes.The extration of transversity then requiresto know a polarized fragmentation funtion,the Collins funtion. Asymmetries related tothe Collins funtion were measured in e+e�ollisions by Belle and the Collins funtionitself should be extrated soon.Generalized parton distributions (GPD)represent an opening �eld. Exploratory mea-surements have been performed and newmuh more preise data are expeted soon.Several new projets are developing overthe world. An upgraded version of COM-PASS should allow for the measurements ofGPD in a wide kinematial range. An up-graded Je�erson Lab at 12 GeV will alsoprobe GPDs. The PAX projet at the p�p ol-lider at GSI will be the ideal tool to studytransversity in the leanest hannel, i.e. inDrell-Yan proesses. The most omplete pro-gram is ertainly that of the eRHIC projetof a polarized eletron-proton ollider. Thiswill give the possibility to reah low x, to haveenough level arm in Q2 for an aurate NLOanalysis providing �q and �G, to measurediretly �G(x) and to further study GPDs.Referenes1. Muon (g-2) Collaboration, G. W. Ben-nett et al, Phys. Rev. Lett. 92 (2004)161802; David W. Hertzog and WilliamM. Morse Annu. Rev. Nul. Part. Si. 54,141-174 (2004).2. Reviews: M. Anselmino, A. Efre-mov and E. Leader, Phys. Rep. 261(1995) 1, hep-ph/9501369; B. Lampeand E. Reya, Phys. Rep. 332 (2000) 1,hep-ph/98102703. J. Ashman et al., EMC oll., Phys.
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For Publisher's useDISCUSSIONVolker Burkert (Je�erson Lab):If �G remains small does that meanthat the orbital angular momentum on-tributions to the nuleon spin must belarge? If so, does this put more empha-sis on programs to measure the general-ized parton distributions (GPD) to allowaess to Lz ?Jean-Mar Le Go�: Atually I an seetwo levels of �G being small. The axialanomaly gives�� = a0 + 3�s2� �G; (5)with a0 0.2 to 0.3. If �G is on the or-der of 2 or 3 then we get �� on the or-der of 0.6 as expeted, whih \solves thespin risis". So the �rst level of beingsmall is relative to the large values of 2or 3. And the data tend to disfavor suha senario, even if they annot exlude itompletely.On the other hand we have the momen-tum sum rule12 = 12��+�G+ Lq + Lg: (6)Here, with a0 0.2 to 0.3, we need �G �0:4 to �ll the sum rule. So the other levelof being small is relative to this value of0.4. And aording to the urrent dataa value of 0.4 is as likely as a null value.So I do not think that the urrent �Gdata an be used to laim that Lz shouldbe important.However, there are several indiationsthat Lz should not be negleted. I men-tioned in the talk the observation of anon-zero Sivers asymmetry and also the�nding that �d=d is negative at highx, whih both point to orbital angularmomentum. In addition GPDs are avery interesting topi besides the issueof Lz. They generalized the notion ofpdf and form fator, providing a 3d view

of the nuleon. So I think we have verystrong motivations to study GPD and Iam looking forwards seeing the new a-urate Je�erson lab DVCS data.
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