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PHENOMENOLOGICAL ASPECTS OF CHIRALSYMMETRY IN LATTICE GAUGE THEORY�Anthony W. ThomasDepartment of Physis and Mathematial Physis andSpeial Researh Centre for the Subatomi Struture of MatterUniversity of Adelaide, Australia 5005e-mail: athomas�physis.adelaide.edu.au(Reeived July 17, 2000)The urrent limitations in omputer speed mean that in order to om-pare lattie QCD simulations of hadron struture with data one must ex-trapolate from quark masses that are 5�10 times too large. In doing so itis vital that the onstraints of hiral symmetry are orretly inorporated.We review some reent, exiting developments in our understanding of howto make these extrapolations.PACS numbers: 12.38.G, 11.15.Ha1. IntrodutionThe SU(2) axial urrent, ja�5, is onserved in QCD with massless u andd quarks. As a onsequene the axial harge, Qa5, ommutes with the QCDHamiltonian and one would expet a degenerate, opposite parity partner foreah hadron. The absene of suh states in the physial world implies thatthe vauum must ontain massless pseudosalar mesons, known as Goldstonebosons. That is, SU(2) hiral symmetry is dynamially broken [1℄.As we move away from the massless limit the Gell Mann�Oakes�Renner(GOR) relation tells us thatm2� / �m; (with �m = mu = md 6= 0) : (1)Although this is, in priniple, only guaranteed for quark masses, �m, nearzero, lattie QCD alulations tell us that it holds over an enormous range,as high as m� � 1 GeV. Rather than measuring the deviation from exathiral symmetry using �m, whih is sale dependent, we shall use m2�.� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.(2529)



2530 A.W. ThomasCurrent lattie alulations are typially restrited to pion masses largerthan 500 MeV, with some pioneering work reporting preliminary results aslow as 310 MeV. In order to ompare these results with experimental dataon hadron properties it is neessary to extrapolate the alulations at largepion masses to the physial value. In doing so it is ruial to respet theonstraints imposed by hiral symmetry in QCD. In partiular, as we dis-uss below, the existene of Goldstone bosons neessarily leads to behaviourwhih is not analyti in the quark mass. After reviewing the origin of thisnon-analyti struture we spei�ally examine the reent development of amethod of extrapolation of hadron masses whih respets the mathematialproperties while building in the orret physis at large quark mass. Theonsequenes of this for the sigma ommutator are then reviewed. Followingthis we turn to reent results for baryon eletromagneti properties, beforesummarising. 2. Non-analyti behaviourSpontaneous hiral symmetry breaking in QCD requires the existeneof Goldstone bosons whose masses vanish in the limit of zero quark mass(the hiral limit). As a orollary to this, there must be ontributions tohadron properties from Goldstone boson loops. These loops have the uniqueproperty that they give rise to terms in an expansion of most hadroniproperties as a funtion of quark mass whih are not analyti. As a simpleexample, onsider the nuleon mass. The most important hiral orretionsto MN ome from the proesses N ! N� ! N (�NN ) and N ! �� ! N(�N�). We write MN = MbareN + �NN + �N�. In the heavy baryon limitone has �NN = � 3g2A16�2f2� 1Z0 dk k4u2(k)k2 +m2� : (2)Here u(k) is a natural high momentum ut-o� whih is the Fourier transformof the soure of the pion �eld (e.g. in the Cloudy Bag Model (CBM) it is3j1(kR)=kR, with R the bag radius [3℄). From the point of view of PCAC itis natural to identify u(k) with the axial form-fator of the nuleon, a dipolewith mass parameter 1:02 � 0:08 GeV.Quite independent of the form hosen for the ultra-violet ut-o�, one�nds that �NN is a non-analyti funtion of the quark mass. The non-analyti piee of �NN is independent of the form fator and gives�LNANN = � 3g2A32�f2�m3� � �m 32 : (3)



Phenomenologial Aspets of Chiral Symmetry in : : : 2531This has a branh point, as a funtion of �m, at �m = 0. Suh terms an onlyarise from Goldstone boson loops.3. Chiral extrapolations of lattie dataIt is natural to ask how signi�ant this non-analyti behaviour is in pra-tie. If the pion mass is given in GeV, �LNANN = �5:6m3� and at the physialpion mass it is just �17 MeV. However, at only three times the physialpion mass, m� = 420 MeV, it is �460 MeV � half the mass of the nu-leon. If one's aim is to extrat physial nuleon properties from lattieQCD alulations this is extremely important. The most sophistiated lat-tie alulations with dynamial fermions are only just beoming feasible atsuh low masses and to onnet to the physial world one must extrapolatefrom m� � 500MeV to m� = 140MeV. Clearly one must have ontrol of thehiral behaviour.Figure 1 shows reent lattie alulations ofMN as a funtion ofm2� fromCP-PACS and UKQCD [4℄. The dashed line indiates a �t whih naivelyrespets the presene of a LNA term,MN = �+ �m2� + m3� ; (4)with �; � and  �tted to the data. While this gives a very good �t to thedata, the hiral oe�ient  is only �0:761, ompared with the value �5:60required by hiral symmetry. If one insists that  be onsistent with QCDthe best �t one an obtain with this form is the dash-dot urve. This islearly unaeptable.An alternative suggested reently by Leinweber et al. [5℄, whih alsoinvolves just three parameters, is to evaluate �NN and �N� with the sameultra-violet form fator, with mass parameter �, and to �t MN asMN = �+ �m2� + �NN (m�; �) + �N�(m�; �) : (5)Using a sharp ut-o� (u(k) = �(� � k)) these authors were able to obtainanalyti expressions for �NN and �N� whih reveal the orret LNA be-haviour, and next to leading (NLNA) in the �� ase, �NLNAN� � m4� lnm�.These expressions also reveal a branh point at m� = M� �MN , whih isimportant if one is extrapolating from large values of m� to the physialvalue. The solid urve in Fig. 1 is a two parameter �t to the lattie datausing Eq. (5), but �xing � at a value suggested by CBM simulations to beequivalent to the preferred 1 GeV dipole. A small inrease in � is nees-sary to �t the lowest mass data point, at m2� � 0:1 GeV2, but learly onean desribe the data very well while preserving the exat LNA and NLNAbehaviour of QCD.
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Fig. 1. A omparison between phenomenologial �tting funtions for the mass of thenuleon � from Ref. [5℄. The two parameter �t orresponds to using Eq. (4) with set equal to the value known from �PT. The three parameter �t orrespondsto letting  vary as an unonstrained �t parameter. The solid line is the twoparameter �t based on the funtional form of Eq. (5).4. The sigma ommutatorThe analysis of the lattie data for MN , inorporating the orret non-analyti behaviour, an yield interesting new information onerning thesigma ommutator of the nuleon:�N = 13hN j[Qi5; [Qi5;HQCD℄℄jNi = hN j �m(�uu+ �dd)jNi : (6)This is a diret measure of hiral SU(2) symmetry breaking in QCD, andthe widely aepted experimental value is 45 � 8MeV [6℄. (Although thereare reent suggestions that it might be as muh as 20 MeV larger [7℄.) Usingthe Feynman�Hellmann theorem one an also write�N = �m�MN� �m =m2� �MN�m2� : (7)Historially, lattie alulations have evaluated hN j(�uu + �dd)jNi at largequark mass and extrapolated this sale dependent quantity to the �physial�quark mass, whih had to be determined in a separate alulation. The latestresult with dynamial fermions, �N = 18�5 MeV [8℄, illustrates how di�ultthis proedure is. On the other hand, if one has a �t to MN as a funtion ofm� whih is onsistent with hiral symmetry, one an evaluate �N diretly



Phenomenologial Aspets of Chiral Symmetry in : : : 2533using Eq. (7). Using Eq. (5) with a sharp ut-o� yields �N � 55MeV, while adipole form gives �N � 45 MeV [9℄. The residual model dependene an onlybe removed by more aurate lattie data at low m2�. Nevertheless, the result�N 2 (45; 55) MeV is in very good agreement with the data. In ontrast, thesimple ubi �t, with  inonsistent with hiral onstraints, gives � 30 MeV.Until the experimental situation regarding �N improves, it is not possible todraw de�nite onlusions regarding the strangeness ontent of the nuleon.However, the fat that two-�avour QCD reprodues the urrent preferredvalue should ertainly stimulate some thought and a lot of work.5. Baryon eletromagneti propertiesIt is a ompletely general onsequene of quantum mehanis that thelong-range harge struture of the proton omes from its �+ loud (p !n�+), while for the neutron it omes from its �� loud (n! p��). Howeverit is not often realized that the LNA ontribution to the nuleon hargeradius goes like lnm� and diverges as �m ! 0 [11℄. This an never bedesribed by a onstituent quark model. Figure 2 shows the latest datafrom Mainz and Nikhef for the neutron eletri form fator, in omparisonwith CBM alulations for a on�nement radius between 0.9 and 1.0 fm.The long-range �� tail of the neutron plays a ruial role.
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Fig. 2. Reent data for the neutron eletri form fator in omparison with CBMalulations for a on�ning radius around 0.95fm � from Ref. [10℄.While there is only limited (and indeed quite old) lattie data for hadronharge radii, reent experimental progress in the determination of hyperonharge radii has led us to examine the extrapolation proedure for obtaining



2534 A.W. Thomasharge data from the lattie simulations [12℄. Figure 3 shows the extrapo-lation of the lattie data [13℄ for the harge radius of the proton. Clearlythe agreement with experiment is muh better one the hiral log requiredby hiral symmetry is orretly inluded, than if, for example, one simplymade a linear extrapolation in the quark mass (or m2�). Full details of theresults for all the otet baryons may be found in Ref. [12℄.

Fig. 3. Fits to lattie results for the squared eletri harge radius of the proton� from Ref. [12℄. Fits to the ontributions from individual quark �avors are alsoshown: the u-quark setor results are indiated by open triangles and the d-quarksetor results by open squares. Physial values predited by the �ts are indiated atthe physial pion mass, where the full irle denotes the result predited from the�rst extrapolation proedure and the full square denotes the baryon radius reon-struted from the individual quark �avor extrapolations. (NB. The latter valuesare atually so lose as to be indistinguishable on the graph.) The experimentalvalue is denoted by an asterisk.The situation for baryon magneti moments is also very interesting. TheLNA ontribution in this ase arises from the diagram where the photonouples to the pion loop. As this involves two pion propagators the expansionof the proton and neutron moments is:�p(n) = �p(n)0 � �m� +O(m2�) : (8)Here �p(n)0 is the value in the hiral limit and the linear term in m� isproportional to �m 12 , a branh point at �m = 0. The oe�ient of the LNAterm is � = 4:4�N GeV�1. At the physial pion mass this LNA ontributionis 0:6�N , whih is almost a third of the neutron magneti moment. Noonstituent quark model an or should get better agreement with data thanthis.



Phenomenologial Aspets of Chiral Symmetry in : : : 2535Just as for MN , the hiral behaviour of �p(n) is vital to a orret extrap-olation of lattie data. One an obtain a very satisfatory �t to some ratherold data, whih happens to be the best available, using the simple Padé [14℄:�p(n) = �p(n)01� ��p(n)0 m� + �m2� : (9)The data an only determine two parameters and Eq. (9) has just twofree parameters while guaranteeing the orret LNA behaviour as m� ! 0and the orret behaviour of HQET at large m2�. The extrapolated valuesof �p and �n at the physial pion mass, 2:85� 0:22�N and �1:90� 0:15�Nare urrently the best estimates from non-perturbative QCD [14℄. For moredetails of this �t we refer to Ref. [14℄, while the appliation of similar ideasto other members of the nuleon otet we refer to Ref. [15℄, and for thestrangeness magneti moment of the nuleon we refer to Ref. [16℄.Inidentally, from the point of view of the naive quark model it is in-teresting to plot the ratio of the proton to neutron magneti moments as afuntion of m2�. The loseness of the experimental value to �3=2 is usuallytaken as a major suess. However, we see from Fig. 4 that it is in fat amatter of luk! We stress that the large slope of the ratio near m2� = 0 ismodel independent.

Fig. 4. Ratio of the proton to neutron magneti moments as a funtion of m2�obtained from the Padé approximants in Eq. (9). We stress that the behaviour asm2� ! 0 is model independent.



2536 A.W. Thomas6. ConlusionIn the region of quark masses �m > 60 MeV or so (m� greater thantypially 400�500 MeV) lattie QCD suggests that hadron properties aresmooth, slowly varying funtions of something like a onstituent quark mass,M � M0 +  �m (with  � 1). Indeed, MN � 3M;M�;! � 2M and magnetimoments behave like 1=M . But as �m dereases below this sale hiral sym-metry leads to rapid, non-analyti variation, with ÆMN � �m3=2; Æ�H � �m1=2and Æ < r2 >h� ln �m.Chiral quark models like the loudy bag provide a natural explanation ofthis transition. The sale is basially set by the inverse size of the pion soure� the inverse of the bag radius in the bag model. As pratial onsequenesof this understanding we have shown:� the best values of the proton and neutron magneti moments fromQCD;� the best value of the sigma ommutator;� improved values for the harge radii of the baryon otet;� improved values for the magneti moments of the hyperons.In addition, although we did not have time to disuss it, this approah hasled to the best urrent value for the strangeness magneti moment of theproton from lattie QCD, GsM = �0:16� 0:18�N [16℄.Clearly, while muh has been ahieved, even more remains to be done. Itis vital that lattie alulations with dynamial fermions are pushed to thelowest possible quark masses, taking advantage of developments of improvedations and so on. It is also vital to further develop our understanding of thephysis of hiral extrapolation by omparison with these new alulations, bylooking at new appliations and by further omparison with hiral models.It is a pleasure to thank my ollaborators in this work, espeially EmilyHakett-Jones, Derek Leinweber, Dinghui Lu, Kazuo Tsushima and Stew-art Wright for their part in the development of my understanding of thisfasinating problem. I would also like to thank Will Detmold for a are-ful reading of the manusript. This work was supported by the AustralianResearh Counil and the University of Adelaide.
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