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6 Calulation of the nuleon axial harge in lattieQCD D.B. Renner1, R.G. Edwards2, G. Fleming3, Ph. H�agler4,J.W. Negele5, K. Orginos2;6, A.V. Pohinsky5, D.G. Rihards2 andW. Shroers71 University of Arizona, Department of Physis, 1118 E 4th St, Tuson AZ 857212 Thomas Je�erson National Aelerator Faility, Newport News, VA 236063 Sloane Physis Laboratory, Yale University, New Haven, CT 065204 Institut f�ur Theoretishe Physik, TU M�unhen, D-85747 Garhing, Germany5 Center for Theoretial Physis, Massahusetts Institute of Tehnology, Cambridge, MA 021396 Department of Physis, College of William and Mary, Williamsburg VA 231877 John von Neumann-Institut f�ur Computing NIC/DESY, D-15738 Zeuthen, GermanyAbstrat. Protons and neutrons have a rih struture in terms of their onstituents, thequarks and gluons. Understanding this struture requires solving Quantum Chromodynamis(QCD). However QCD is extremely ompliated, so we must numerially solve the equations ofQCD using a method known as lattie QCD. Here we desribe a typial lattie QCD alulationby examining our reent omputation of the nuleon axial harge.1. IntrodutionQuantum Chromodynamis is the theory of the Strong Fore of nature. The theory ditateshow quarks, the fundamental omponents of ordinary matter, interat by exhanging partilesknown as gluons. The interations between quarks and gluons are suÆiently strong to bindthem into bound states suh as protons, neutrons, and pions. This phenomenon not only givesthese bound states a rih and detailed struture but also makes penil-and-paper alulations ofmany properties of QCD impossible. Consequently we numerially solve the equations of QCDby using a disrete spae-time lattie. We use this method, known as lattie QCD, to alulatethe properties of protons and neutrons, olletively known as nuleons, and to ask how natureonstruts suh objets from their quark and gluon onstituents. Here we desribe a typialalulation, the alulation of the nuleon axial harge, gA, to illustrate our e�ort to determinethe quark and gluon struture of the nuleon.1.1. Quantum ChromodynamisQuantum Chromodynamis is the theory within the Standard Model of partile physis thatexplains the Strong Fore between the quarks and gluons. There are six quarks named up,down, strange, harm, bottom, and top. The fundamental interations among the quarks andgluons are oneptually quite simple but often very ompliated in pratie. In Figure 1 weshow the three fundamental interations between quarks and gluons in QCD. All proesses inQCD are built by ombining these three basi interations in all possible ways (Figure 7).



Figure 1. Fundamental quark and gluoninterations of QCD Figure 2. Examples of harges in QED (A),QCD (B) and �PT (C)1.2. Nuleon Axial ChargeThere are many kinds of harges in partile physis. Eletrons have an eletri harge to whihphotons ouple (Figure 2-A). Quarks have a olor harge to whih gluons ouple (Figure 2-B). Protons have an axial harge to whih pions ouple (Figure 2-C). The eletri and olorharges are fundamental properties of elementary partiles and have presribed values, howeverthe axial harge of the proton is a onsequene of its quark and gluon struture and hene mustbe measured experimentally or alulated theoretially.2. Nuleon Axial ChargeThe nuleon axial harge, gA, is a partiularly illuminating property of the nuleon. It revealshow the up and down quark intrinsi spin ontribute to the spin of the proton and neutron. Itis a basi ingredient in the expressions that determine how the neutron deays. It is a measureof the extent to whih spontaneous breaking of hiral symmetry impats the struture of theproton and neutron. And it determines how nuleon properties vary as you hange the quarkmasses in QCD. The urrent experimental measurement is gA = 1:2695� 0:0029 [1℄. Our lattieQCD alulation gives gA = 1:212� 0:084 [2℄ whih has a 7% frational error and agrees withthe experimental determination.2.1. Proton Spin PhysisBoth elementary and omposite partiles have intrinsi angular momentum known as spin. Therotational properties of three dimensional spae ditate that the proton must have preisely aspin of 1=2. Additionally the onstituents of the proton, quarks and gluons, must have exatlya spin of 1=2 and 1 respetively. However the spin of the quarks and gluons may be orientatedin any diretion. Furthermore they may also move within the proton giving rise to additionalorbital angular momentum. Thus the proton spin has four soures: intrinsi quark and gluon spinas well as quark and gluon orbital angular momentum (Figure 3), and these four ontributionsmust somehow onspire to sum to preisely 1=2. Of these four ontributions, the axial hargedetermines the di�erene of the intrinsi up and down quark ontributions to the nuleon spin:gA = (0:75)� (�0:52) = 1:2695� 0:0029 [1, 3℄.2.2. Neutron Beta DeayThere is no experimental evidene that the proton ever deays. However the neutron does deay,and it does so with a mean lifetime of nearly 15 minutes. The mehanism underlying neutrondeay is the onversion of a down quark inside of a neutron into an up quark. This proessis mediated by the Weak Fore and is a fundamental interation in the Standard Model. Theresult is that a neutron beomes a proton while emitting two other partiles: an eletron andeletron anti-neutrino. The rate of neutron deay is determined by several parameters of theStandard Model as well as the nuleon axial harge.Neutron beta deay impats a range of physial phenomena from astrophysis, to nulearphysis, to hadroni physis, and down to partile physis. In astrophysis, beta deay of the



Figure 3. The nuleon is a omposite objetwhose spin arises from the ombination ofquark and gluon spin as well as quark andgluon orbital motion. Figure 4. These pitures illustratethe relevane of the nuleon axial hargeto astrophysis (A), nulear physis (B),hadroni physis (C) and partile physis (D).neutron, n ! p e ��, and eletron apture on the proton, e p ! n �, play an important role inthe emission of neutrinos from stars (Figure 4-A). In nulear physis, nulear beta deay ourswhen a neutron in the nuleus undergoes beta deay to a proton (Figure 4-B). In hadroniphysis, the axial harge an be determined from the beta deay of the neutron (Figure 4-C).And in partile physis, the axial form fator of the nuleon an be measured in neutrino-nuleonsattering whih probes the weak interations of the up and down quarks (Figure 4-D).2.3. Spontaneous Chiral Symmetry BreakingChiral symmetry is a fundamental symmetry of the quark and gluon interations in the limitof zero quark masses. Quarks with their spin aligned to their diretion of motion, alled right-handed, have gluon interations idential to quarks with their spin anti-aligned, alled left-handed. However the vauum of QCD breaks this symmetry. Pairs of right-handed quarks andleft-handed anti-quarks or left-handed quarks and right-handed anti-quarks ondense and �llthe vauum with quark-anti-quark pairs (Figure 5) that break hiral symmetry. An elementaryargument demonstrates that the axial harge of the nuleon would vanish in the limit of zeroquark masses if this symmetry breaking did not our, indiating the intimate onnetionbetween gA and the spontaneous breaking of hiral symmetry in QCD.
Figure 5. The QCD vauum is �lled witha ondensate of quark-anti-quark pairs thatgives the axial harge a non-zero value. Figure 6. Interations in QCD involvingquarks and gluons (A) are replaed byequivalent interations of pions and nuleons(B) in hiral perturbation theory. The axialharge determines the strength of these pionand nuleon interations.2.4. Chiral Perturbation TheoryChiral perturbation theory desribes the physis of QCD with light quark masses. It does so byreplaing the quark and gluon interations by a set of pion and nuleon interations (Figure 6)



hosen in preisely the orret way to reprodue the low energy preditions of QCD. Chiralperturbation theory is partiularly useful beause it predits the quark mass dependene oflattie QCD alulations (Figure 9). In partiular the axial harge e�ets how rapidly theproperties of the nuleon vary with the quark masses.3. Lattie QCDNumerial alulations are performed in lattie QCD by replaing ontinuous spae-time with adisrete lattie. In this way lattie alulations redue to the evaluation of very high dimensionalintegrals. State-of-the-art lattie QCD omputations use latties as large as 483 � 144 with4� 8 degrees of freedom per lattie point whih results in just slightly more than half a billionintegration variables. Suh enormous integrals are evaluated using Monte Carlo methods. Thedominant limitation of this method is the time required to invert large, poorly onditionedmatries that aount for the e�ets of quark-anti-quark pairs in the vauum. This problembeomes inreasingly more severe with lighter quark masses, hene lattie alulations areperformed with quark masses heavier than those in nature and the results are extrapolatedto the physial point.Figure 7. A nuleon onsists of three netquarks whih persist in time from the left tothe right but are aompanied by arbitrarilymany gluons and quark-anti-quark pairs. Figure 8. Domain wall fermions usea �titious �fth dimension to onstrut aformulation of quarks in lattie QCD with anexat hiral symmetry even on the lattie.3.1. Domain Wall FermionsThere are many ways to plae quarks on a spae-time lattie. In fat, a broad lass of lattietheories all give rise to the same QCD preditions in the limit of vanishing lattie spaing.However there is a \no-go" theorem stating under general assumptions that no simple fourdimensional representation of quarks an have the orret hiral symmetries of QCD. Domainwall fermions were invented to elude this obstale by using a �titious �fth dimension (Figure 8).The four dimensional physis is exponentially bound to the edges of the �fth dimension. Allartifats of the �ve dimensional theory vanish and an exat hiral symmetry emerges as theextent of the �fth dimension is made larger and larger.3.2. Our Latest Lattie ResultsWe use the gluon on�gurations from the MILC ollaboration [4℄ for the evaluation of the lattieQCD integrals. Additionally we use domain wall fermions to represent the quarks inside thenuleon. Our urrent alulation is done at �ve quark masses, equivalently pion masses, at onevolume and additionally we have repeated the lightest alulation at a larger volume to hekfor �nite size errors (Figure 9). We then math the lattie results to hiral perturbation theoryin order to extrapolate to both the zero quark mass and in�nite volume limits. The �nal resultfor our omputation of the axial harge is shown in Figure 9 for whih the lattie omputationof gA = 1:212 � 0:084 [2℄ agrees to within the errors with the experimental determination ofgA = 1:2695� 0:0029 [1℄.



Figure 9. Our reent lattie QCD resultsfor gA [2℄ Figure 10. World's olletion of lattieQCD results for gA [2, 5, 6, 7℄3.3. World's Lattie ResultsThere have been several lattie QCD alulations of the nuleon axial harge, however, only fouralulations in the world have inluded the e�ets of quark-anti-quark pairs in the vauum. Weperformed the �rst suh alulation [7℄, and we have sine extended the alulation as desribedhere [2℄. The dominant soure of error in these alulations is the extrapolation to the physialquark masses, and as Figure 10 shows, our method has allowed us to alulate the axial hargewith lighter quark masses than any other group.4. ConlusionsThe alulation of the nuleon axial harge desribed here represents a signi�ant advane in ourability to ompute properties of the proton and neutron from lattie QCD. Current alulationsare foused on reduing the error at the lightest quark masses in Figure 9, extending ouralulations to lighter masses still, and additionally alulating with a smaller lattie spaing.Continued improvement in our alulation of the axial harge will bolster the strength behindour omputation of nuleon observables that an not be measured experimentally but yet reveala great deal about the quark and gluon struture of the nuleon.Referenes[1℄ S. Eidelman et al. Review of partile physis. Phys. Lett., B592:1, 2004.[2℄ R. G. Edwards et al. The nuleon axial harge in full lattie qd. Phys. Rev. Lett., 96:052001, 2006.[3℄ J. Hannappel. Measurement of the spin struture of the deuteron at ompass. AIP Conf. Pro., 792:917{920,2005.[4℄ C. W. Bernard et al. The qd spetrum with three quark avors. Phys. Rev., D64:054506, 2001.[5℄ Shigemi Ohta and Kostas Orginos. Nuleon struture with domain wall fermions. Nul. Phys. Pro. Suppl.,140:396{398, 2005.[6℄ A. Ali Khan et al. Axial and tensor harge of the nuleon with dynamial fermions. Nul. Phys. Pro. Suppl.,140:408{410, 2005.[7℄ D. Dolgov et al. Moments of nuleon light one quark distributions alulated in full lattie qd. Phys. Rev.,D66:034506, 2002.


