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I. Introduction

'l'llis report sumnmrizes allcl tligtllight.s the work ,.)t'i,lle theory task i1_Iligll e11('vgy I)llysi<'s

._lll>l)or(.ed by.,'DOE during 1.089-I!)!)0.

In 1989-1990, the theory group collsis(ed of o))(" professor, L. N. ('lla))g. o)i(! a:<so('i_ll(,

I)rol'<,ssor, C. H. Tzc, a))d one r(:searcI) associa(.(> pllysicis(,, \Vaic]li Ogtlra. ()II(, gla,I_,_t((,

si.ud(<'llt,, (?,llol)ill Soo, working for i,lle doel.ota.1 degree tl_l(l(w (',l)mlg's SUl)('rvisioll. w_.s Slll_-

l)ori.(,(l by (.he I)OE. In a:ddi(.io11. (.wo oi.ller s(,u(lelli,s, Zoli.an Tro(:sallvi, workillg wi(,ll ('.llallg.

_)),I M,irek t..,ra.bowski workillg wit/) .lz(_. also contril)u(,('d (<)(.lle)'('s('arcl) I)ll( (.]_('v w<_)<,))(>(

Stll)l)orLed by (,lle exisi;il_g ('O11(,I'_I,('(,.

])llri))g t,he cours(, of (})e year, we be))eli(.(xl great,15' fro:n i)l(.(:i'a('l,i())is wi(,ll ll()l)(,r( I!;.

N,larslla.k, University ])ist.iilguish(,d l)rof(,ssor I!;nwritus, _wx_I>ers of t.l)e l_.,'lil)tt.c ./b_' Ili.qh

l';'i_!/ Physics, li,. \Vorkn_a)_ of (.he int,(:,r_ne(liat,e energy l)lLvsics gro_ll), a l_(1'1'. I( !',('(:'all(t

I¢. I(. I). Zia of the coi_de)is(,d _a(,(,er gmUl).

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States

t..,Jvernment. Neither the United States Government nor any agency thereof, nor any of their

employee, s, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,

manufactt_rer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



II, Research [)x-ogress report of Lay Nanl Cllallg

[)llrillg III(' I)a,_l.3"('_z',lll3"V(',_('_V(:tltl_l.SCOIlI.i_lll('(lt,o (('rll,('vozl g+lllg(' i_ll,('<_l'i(',_i11\'<Jlx'ill_;

('tzil'_l f('I'111ioI_._.,_I,('('ifi<'alls',I lilly(' I)e(,ll Sill(15'illg g(,ll('ric l)VOl)('I'ii_',_o[" ii.ll()lll_](Jl_,_lli,_]l<'l'

) ' . '1(1(,_(,(,ot' cl_ir_l ,_ynl_wl,vy I)v(,_l<i_g5 i_ (,(/) i_ t'our (li_wl_io_._ ']_(, _.i_l v(,:_ll, l.l_tl \v;t._

.,vt_l t'ollow,_,I will (.,l+_l.)o_z_l,(,oi1 1,1_(,r(,,_¢_ll,,_ol)l.ai_l('(I il_ l,t_('1)_,,_I,5,(,av,

:l



Higher poinl; anomalous alnplit, udes

Allonla, lies iii cllira.l t'crnlion tll olu:s inlply (,lla.t cerl, a,in a.n_l)lil,udcs ill\'olvil)g ¢li\'(,r_('ll,'('s

of a xia.l currenI, s a.re no(, vaalishing, even tllougll (,he un<tcrl3,illg I_agra,llgia.ll is illva.rialll, lll l(l¢'l'

l,lle corresponding (,ra,nst'orlna, I,ions. I1, ma,y be shown (.hal, a.s a. collseqll(,llcc, t,tl(,sc, a,i,Ipli-

(,ll<l<,sdescribe the b(:lla,vior ot' cerl,a,in I>lla,scs, wlficll origi_la,t,e t'ronl (,Ol>ological sl,l',_l<'l,lll'('s

i)I field configura.I, io.n SlmCC[1,2,,'l ]. .,ks a. ri!,sl)lt, (,he a,c(,ua,l va,lues of (,l)es(, a.))ll>li(,liclcs <_-_i

l>(:.COml:>ul,edexplici(.ly, ei'(,her by ina.king use of a.n underlying collol!lology se<lll<,ll(:(,, or I)y

directly ca.lcula.t, ing (,lie a,ssocla,t._d I'eynnm,l_ clia.granl. In tllosc ca,sc,s wile'r<: 1,]1¢,clll'r<'_l(,s

l'(:])rt_'.s(211(, SVllUl-l(:.'.Lri(-'.s whict_ are Sl>O_lt,a._cously I)rol,:('l_ (,he i_i(,era.c!io_,s of (,I)(:'a ss¢_('ia(,<,(I

i

"l ( . . .Nalltl)_-(,ol lsI,ol_e pa.rI,icles re'prese_l,ed l)y (,lIcse an_l>liItl(l('s are co_l)]C(.ely (I(:'(,('rl_lil)('<l.
=

'l'l)e l'orr_)oI" i,l_ese i)_(;cra.c(,ions l'or so_)_e lc,w(,r l>oint fi)))cl,io))s l)as alrea(ly l:),,(,)l(lis_'_,,-;,,<('(li))

(,1_(,li (,el:a.l;ure[5]. For (..x'"'mnl)l" (":.,(,l_c(,lt.re<_point a.mplil, udes givc (,he _sua.l ekdle> l_,a.r¢l<'("l_- 1_,('11-

.lacl,:iw resulls, 1)u(.ollly a. lmrl, ial forl_ of (.l_c'resl_ll,s for (,he four l>oi_(, t'_ll_c(.io_lsis ¢lis('._ss(,(l

i)l (.li(, liI,era.l._'_r(,. The il_l.cra.ctions deSCl'ilr)cd I)3' tile lligl_er l)oi_li, ('l)llc(,io))s ar(' ll(,w. [_1 (11('

i,_s(, y_'a.l', I I_a.\,(,I:,<:'e_sl,tl_lyil_g til(:, l)llc_()lll(,l_ologic.a.1 illll)lica.l.iol_s of (.ll('s(, l,(,rllls, .(,Sl)(,('i_ll.\'

- ill (:'olIll(eC(,iOllWi(,ll (,h(:'l)rotx-.)nSl_'i)_crises[!)]. Of la(,c, I l_a.vc also li>ce))co))si,:.l(,ri))g (,l)(, (,ll'(,<,l,s

|
of (,l_(_sei)_(,e.ra.cl;ions oi_ _e.t_l;ra.l l>io_ l>hOi,O-l>roduc(,io_)_ at, tl_r(:sl)old, ',.viler(, (,ll(,I'(' a.l)l)(_al's

to b{' a discr(-:pancy bel,wcen (,Ii_, cla.ssic low <'l_'_'g,,,.'prcclict, iolls a)id (,Xl_'ri)i_(,l_(,[l:),].



Ali a,ll,crzla,tive way of <tescril_i11_ l,lwse l)l_ases is obta,illed 1)y a,scril_il_g to colllll_ll,al,ovs _,['

currclzl, densil,ies cert,aizz t_':rlc'zl.sio_,l,erzlls, l;'c_rc_×a:IZzl)hi,ii, is klzoxvll l,t:zal,l,ll_, tlsllal 1,riallg_llar

a_o_na.ly results ca.n be re-expressed in l,c-:'r_nsof a.n ext,¢:1_sion ot_ tl_e cl_a.vg¢'-dclmsib, _dgc,l_vn.

'l'lle lligher point c.ui'r'elll, alll, l)litlldes., piace l'llrl;lier constrains oll l,hesc exte._lsiol_s[:_l], a ll<l i,ll_,

related ope, ral;or product expansions. O1_e ot' llle,se expa,nsiolls is relevaall, I,o pola.riz_,(l _l_'cl_

i_lela,st,ic, l<_pl,on nucleon scat l,eri_lg[,9]. Ii_ l,lle lii,era,t,ure, l,l_is eXl)al_sio_ is /ix,'<l by sl,tl_lyil g

l,l_e l) .lbrficl< box dia,gra_n[lO,ll]. Tile l_igher l)oi_l, c_i'rel_l, a,ml)lil, tl(les a.ll_ld_l l,(_ al_o\,_,a " (_

l_rovides for a, different a.pt:_roa.cl_ to l,his prol)lem, wt_icl_ s!_ould t;a.ke i_ll,o accotli_t, solll_, of

(,lie _lon-I_ert_urba, l;ive off s,ts discussed in the litera.i, ure[12]. I l_a.ve beell worki_lg _,1_(,llis

qllcsl, ion duril_g l,he pa,sl, year wil,l_ a, gl'adtlaJ,e, sl,ude_t,, Zoli,a.n I rocsa.n3117]. As a. I)y-l_l'O(l_lcl

of l.tlis v,',')rk, a. col_pul,er code' wa.s crea.t,ed, whicl_ ca.n be _lsed t,o ca,lculale l_igl_¢'r ol'<l_'r Iool_

<lia.grams in tile, ba,ck-ground field nw,l,l_od[8].

'Ill (_I n : exl;ended coln_lu.ll, a.l,or re la,l,io_s t'ollowi_g t'ron_ [,l_e higl_er I)oilll, fu_cl, i<)_s <'al_ also)

I)<' used direcl,ly I,o cow,sl,ra.in low energy processes, lt l_a.s been k_own t'or solne 1,illl(' l_(>w.

t,]la,l, oi)served l)tml,o-1)rod!_ction uf _cul, ra.1 t)iolls a.l. I/}lres]lold disagre, e_; su l)sl,m_l,i;_lly wil,];

classical c_rreni, alg<_bra I_redict, io_ls[13,1:l]. 'l'l_e r(!a.cl,ioll receives i_o co_/1,ril)!_l,iolls ['_'_)_ 1.11_,

_ts_lal c_rrenl, algebra. 'l']lrcsl_old l_l_ol,O-l_rod_cl, ioI_ of cha,rged pio_ls, oll I,I1<,otl_'r Ii_._t_l.

. <loes gel, co_l, ributions ['rcn_ l,t_is algebra., a.l_d is dcscril)<,d ra.i,t_cr well by l,l_es_' low ,,,ll<'_'g_,'

t.l_eorelns, q'tle ext,e_lsio_ls referred 1,o a l_ox,e, Ilowever, <1o _nodify l,l_c ll¢_i,l'al <,lc_ll¢_lll.s,)t'



'l'hc-,,.¢:"s'l'c,_1111,sc'tlll 1)e api)lied Mso 1,o qUalll,lllll lrl<'<'llalli<'al s_,_l,elns,. '1'1,¢_<"xist¢'ll<:<,<ii' llJ_,

l,opologica,l pha,ses prcsenl, s obstrucl, ions to a, proper classica,l limil, for l,he sysl, clv,[l 5].



Topological phase of quantum gravity

:i'll(' i<l(_l_(,ifi('_.l.ioll(,f (,II<'l)rOl)('r C_Ulo11i(:_q\, u'iabl<'s t,<)Iz,_('i1, <ltl_Ul(,_l*l__)_Vit\" I_;_,_I,,'<'r_

_l.I()llg St,a.ll(:lillg I)rol._l('lll. 'I'll(' I:_('Sl,clloice, of va.rabies a.1)l)(';_r,_1,o I)(, 1.11o,_(,illl,ro(l).l<('(I1>5'

A._l)i.(:lcar[.I6],i))(,erz)1,_of wl)i('l) (,Ii(:(,l)e a.l)propria.te constra.ill(, (.'qtlai,iolls t,a.k(,_l.._i)_ll)l(,for))).

_l'll.s(,("'va,riables (:a,ll 1)(, ilfl,(>rl)r(:'(,eda.s tj. s(,(. of S'l:(2)' gaug(, l)O(,.('tl(,itds,A". 'I'll_"('l_ssi('_fl

('ollst,.r>l.i_l(,s(,l_(::la(,a.l¢('til(, t'orl_'

"_3icYi''_ -_ 0 [)

/"fl Ii')(7" 1i./. -- 0 '))

_i. O.jb _,:' V/_,
_,,t,c:o- (/',.._+ :._,\_:,j_,,o_:'_)= 0 :l

l l_v(: 1",../(1('1,o(,(,l.l_(!'fi('l(1sl,v('_lg(,llof 1,1_('\,('<'(,orI)O(,(,ll(,i_d,t,ll(, i_ldi('i(',_i. (_ r('l'('v(.o 1.1_(,(.llr(,(

(li,'('('(_io_lsill ov<li,_a,',y_tl_(Iiso,_l)il_,_l)_W('s,'(',_l)(>(t,i\'(_ly,O"1,11('(:o_i_g_.(,('of ,,'l, ;I,1(I"T'>(1(',,(_(.('._

(,11<:(,ova.viar_i,<levi_,_.(,l\""_':. II_ (,li(..'_d)ov(', _. I)ossible ('o,_im)logi('a.l(,(_rlllA I_.,_>_d,_ol)(, in('l_l(l('(I,
l

Irl goil)g o\'_'vt,o 1.1_('(l_lal_i.ttl_( ll('()r.y,(,}l('r(,is t,tl(: us_-_l a.l_l)igtlit,y wi(,]_r(',_l)('('l,I,()(_l)('r_(,(>r

I)rol)l(:_)l,7_)_(Il_\'(' ('(>1)1('lip witll _ l)()ssil:)l(:,'o))sisl,(,ll(,l)r(',_cril)(,ioll t'(_r(,l_i,_()r(l(,ril)g. \'\:i(.llil)



1,t_i,_ull,_.,t_,(lIe _rOllll<l ,_(,a(,<'wax'(Lt'!ill<'i,iOllal del)el)(l,_oII file A_lli,el<ar \,(.c(,C,vI_ol,<'ll(,i_l_,llly

' (lli',on_lJ l,lle (!ll_,rll-Silll_)ll.'-;l'orlll. 'I']_' lir_l, (.wo c'oll._i,ra,il,l,.'qar(' _l,l ll.ollla,l,i_'_-dlb,'n,,t,isli(,.l, siii('(,

Asl_i.el,:a.r-<l_,\¥il, l,-\,Vl_eel_'rOCl_la,(,io)_[l(i]. \,Vlla,i,we sl)ow('_l is (.llal, r(,lai, iv<, 1.o (.l_i:__:I;_,._<_I'

I'ul_ui,i<)t_als_t,l_ine<lua,l,iOn is id(:_l,ic.a,l1,o(,lie col_cli(,io_(,l_a,1,(;lie wave t'l_)lcl,i<_ll.,la,l_llillilal,<'s

;_I¢.I¢.,b"1'ella.rg<,<ult'or('i_lg(,Ol>ologica,1i_iva,ria._lc<'.133;(,lli,_it_v;tri;t:_ic(,,xx,(,tll(,;t.lll,ll(' ill\,;,ri_ll_'_'
, i

i_t,ro,I_<,<-,_I'by \,Vi(,l,(,_i_ l_i., cotlsl.r_ci.io_ of (,Ol>ologica,lfi_'Id t,l_<,ori<,_{l_].I I(,t_'<,(,11_'w;,i,,'<.-

l'_ci, io_a.l w<,arel_)ol,:i_g_I. d(.'._cril>e_<lUa_t.u_ gra,vit,y it_ l,l_('_l>rolu'_ (,<>l>olo_ic,lI)I_;_(',
,,

wl)ere i,here are no gra.vil,olls, l)) l,l_i._l>l);-_,se,o)_e ))-)_.yi,reai, file <'os_ologi(,al c(:)llnl,;-l,lll,;_.:l.l_<'

al)i.<)l)_;:_,l,ica.lly ,sa.i;isl'ies(,lie A,_lll,elq_._r--ll.<,)li,(,l_la.)l,_;.l.i,z,w]licl_ is kl)owl) i,o ,_;_l,i,_l',yi,}('<'ol),_(l';_i)_(s

<l;_._ic.ll_.,[l7]. \,,'_rio_s <>(,l_(,ri_)_l,li<,;_,(,i_,_<)I(,l_i,,_<.o_,_(,ru<i,i<>)_..r,. _),.)xx,l,<,i)_ w_>r).:,,<I,,_)(,{i!_j.

i



Chiral synlmetry breaking at finite temperat, ures

Ovt..,,rtt_e lasl t'mvyears, 1 llax,e been involved wil,h asi, lldy of ,spollt,m_C'otlscllira,l S3'll_lllcl,ry

breaking in QCD wit,h _mssless qua.rks[22]. The tccl_niq_c wc used is cssc_t, ially l,l_al,(,l' t,l,c,

rellc,rli_a.liza.tion group (I{(.;). \,\"¢:'.f-irsi,set up l,llc qua.rk I,wo-poirli, f'llllcl,iowt ',vil,II Illassiv¢,

fermiolls, consisi:e).lt, wit,li (,lie re¢tltirenlclli,s of .I{,(;.\:Vel,llell sl,udy l,llc cllira.l [Iii> I>arl,t,l' l,I)is

a.lnl_lit,ttclc w}licll is l>roport.iollal I,o I,o '/_,., tile renorlnalized _na.sS. 'l']_is is ¢1_'1>¢,1Jc1<,111,,11_oll

c_,l't,a,in It'.,, invaria.llt l_ara.w_lct,crs, xv,_l_,ha,r¢:'esscllt,ia.lly I,IIc il_l,cgra.l,io_l c_)llsi,alll,s _)1't;ll_,Ii'(,'

c¢l_la.l.iol_s.We t,l_cn exl,ra.cl, 1,11_'1:¢,(/illvaria.l_t l>art, of l.,l_ecl_ira.I flip a.l_l:,lit,u<l<',a,td so l_t.c

ii,s del>elicit'rice o_ i,Ilesc illva.ria.ni, lmra_net.ers. ']k_study cI_ira.l s,5:_ln_;l,ry I_'¢,_l<il_g ;*,S'/_'),

xvc Icl, l,l_esc l)ara.n_et.ers go t,o tile critica.1 \,a.l_tessuch i,hat, 't_t,,,._ 0, a_ld ill¢l_lir<'ii' 1_1_<:cl_iral
,

r 3 •till:>aI_piil.tt,,t<"survives this ]iz_il,. lllt: l'es_]l, of our a._lal3'sis _s t,]lal, for al_ as3'_ll_t,ol,ic_ll3'

fr_,cl,lleory,sucl_ as C2(/D, ,\,S'B il_dc¢_ddoes occur, aald, i_l a¢ldit,ioll, xvc are a.l>lcI,ocalc_lal<,

i,]_c,value o1"i,h,'-:elmira.1s y_,_cl, rs' or¢lcr l:>ara._el,cr (4'(:r)'_/'(:r)) i_ i,<'r,_sot" t,l_' i_va.ria_l, ,:_l.-

off A. 'File a.cl,_al \,a.l_lov,,c,obl.ain t,_l'l_s otll, I,o I:>¢.',il_ agrec_n(,_,l, wil.l_ l,llo,,-;c,ol_,l,aill(_lh'olll

c_tl'rclll, algel:_ra,analysis of low e_el'gy pioll-_l_lcloo_ sca.l,l.<'ri_g[22]. II, is a,lso collsisl._,_li,witll

_sl.ilnim-:s I)a.sed Ul)O_ lal,l;ice coi:lsi(leral,ioI_s[21], l_'_rl,hc'r_lore, x,,,c_r,.' al_l_, I,o s/_,xx _l_al,l,ll_,



,. _,.i,lolloi'i,II_'l,elrli)era,i,ilr_,cIc"I_<'jIcl<'llc'_'_I'i,II<'l)urillgi,Ilep_.sl,yea.r,we exa.nlilledi,Iic:.cill',_"

ol'_l_,rpa.ra.ll_el,er.Il-lc:,idea.is I,oI-.l>ea,i,i,lle.ca.lcula,i,ion a.i,fiY_ii,<!i,eilll>e.ra.i,tlr<'s_;ulcl;.i.sl<

:" "r " r n 1 I'ii'til<:.,_,5fl,_olui,ioll<_'.xllil)ii,_a.l-LVplla._e,i,ra.ilsi/_ion,_..IIf<:,_urpri_ii_._;r<,,_Lzll,fori,}i<_I:.(,ill-

va.ria,hl,n_a.ss,defineda._i,he zero oi'i,he inv<.'r,_ei,wo-i?oilii,17_'.rllliollI'_lllcl,ion, is..,Wf_ -

(2_r'_/:t)T'_)(lnT'_/AQ::/9),for lliglli,ernpera.i,ures. N oi,icetI_a.i,ii,isi_<:l('.i)<'_(l(,_i,oi'i.I_r(_,-

I_ionleiltui_l,a.ildisdiIPererltI'rolrl_,couveui,iona.Ip.la,slnollexcil,a.i,ionilii,Ii_i.i,reSl)_('i.,.A

sl.ra.iglli,I'orwa.rdc01nplll,a.I,ioi_of i,lleord_-u"I>ara.nlei,er,usingollIyi,lleillinili_a.Ir<_llol'li_a,liza,-

i.io__:_o(:essa,ryi,og('ilri(lof uIi,ra,-.violei,_liv_'rg<::,_c<'s,givesZ('ro[2:t].i\_<:×_-_i_,.i,io_ oi'i,I_'

cqua.i,iollssllowsi,ha,i,i,li<'ca.lcula.i.iolli,_\'a.lidolil.yl'ori:e.lilpera.i,ure,s a.l)ov_,a _'rii,i<:<:_.l_,_.I_',so

1,1la.i,oiie is t,c,-lll/,'"- _'cl t,o conclude i;Ila.1,I,liere is a. plia.se i,ra llsii, io,i:l. Iude<:d, i,ll<, va.lu_, _Jt'1,llis

c.rit,ica.l...... va,lug-;a.t._reeswil,]l l,tiose obl,a,ilied in la.l,i,ic.e studies[,_l?]. So' ('.ilira,l Syllllll(.'.l,ry, is _-i.i)lJi-l.r-

el it,ly i'esi,ored> despii,e 1,11_,a.l)iJ(,a.ra.liC.(_of a.irla.,',;,'<,for LI-lefel'rrliorl. l-]owcvc'r, a.ca r<'t'lil i.i.lial$,_is

sliows l,lia.l, l,tie [)ira.c _'_--.ItialiOll., for t,his l)a.ri,icle is iioii-lo+:a.1, li, is i:,li(u'_:'l'oreilii(:l_,_l.l',wll_l.l,

is niea.iit, I)y cliira.l l;ra,risl'orliia,l.,ioil_. A t'url,ller l, ra, rist'oMria.l, iOli iS ii(:;(.:(_,_sli.i'.$.' iii ol'_ler l,ll_l.i, l,li_'

effe<'.l,iveDirac equa.l,ioil I)e I)i'oli_lll, iill, o local l'orill. ']']iis is a.ccolllplisll<,d I_.$.'a (',ilii-'l'oli;',<'li<,l,:

l,ra.lisl'orrila.l,ion[2,:l]. Wil, ll re_l)ecl, 1,o l,l l_:;fi_qd _,xpress<,dili l,lli,_ t_a.sis,i,lie ol'(l('r pa.ra.lli_!lx_ri_

dil'ecl, ly proporl, iolla.l i,o l,lie /_.G ili\,a.ria.ril, 111_"1,',4,";>a.ll(l s(:l _ei'sisls t,o a.rl)il,ra,rily lii_li 1,(!iillJ<'i'_l.-

l,lii'e_. 'l'lier(.'fore., cilira.l _ylriillcl, r), is il()l, r(,sl,or('_l a.l, lli_li .l,(_rlil)('ra,i,lirc,.s, l,a.i,I,i<'+'('a.l(,_lll.l.l,iOll.<.i

. gcliel'ally (1o riol, pert'orili 1,11isfilia.1 l,ra.ii,_t'(Jl'lilal,ioli_ ail(I so _jiv('. l,ll_'.a.l)lJ_.lr_'lil,i'_'xl,(Jl_.l.l,ioli()1'
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c]lira/ symmei:ry a,i, higli ix:'r_lpera,l,ttres. The rea.son is i,tlai, c]lira, l l,ra.nst'orrlla.l_iolls <lc_,l)C,ll_I

' L

tlpon t,he wa.ve funct, ions used in exl)a.nding l,he fermi field, and a,re l,heretore s_llsii, ive t,o i,lle

_ P " ' .... Sclloice of rh(:: zero oi, energy, t.or fi1_ii,e l,enll)e_a, tul(.., , (,Ills choice a,cquir(-:s a, de.petlcl(_itc:_',oll

l,llis l;em!:)era.i,ur e. Ttle C,ini-Touscllel< t,ra.nsfornla,i, ion is n(:c(:ssa, ry 1,o l)tli, ill l;llis dcl)_,llclc.'ll_:c'
,,

ozl the wa.ve-ful_ctions in tile expansion of l,]_e fermi field. Rela,l;ive 1;o l;]lis ha.sis, wll(,rc_ C'tlira.1

i,ran s('or!-na.i;ions a.l -..' 'e well-defined, X,S'B l)ersisl,s 1,oa.rl)ii,ra,rily high l,empe.ra.i:,llres[2:i_I]. A I.)c_l;l,(;r

colnpa.risou wii;h la,i,l,ic.e considera.l, ions, l;he',' 'e._do_ :., is l,o examine it' l,lle ca.lcula.l, ioll 1,11ere for
q

1,11_:'same. i,wo 1)oi111;fullci, ioll will yield a.ll II,G' inva,ria.nt, _nass witl_ i,l_e sa.n__,va,l_le a.s i,l_:_ol_,

ol)i,a.il_ed here. Such a. co_l)arisoll is _ow being sougI_i, ti>r.
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III..ProL_ress report on the research of C.H. Tze

During the past year my research work continues to be on the physics

and mathematics of nonlinear phenomena in particle physics. It focuses

on very specific problems in four areas relating to a nonperturbative

group theoretic approach to strong interactions, various global aspects of

quantum field theory and to possible extensions of the Standard Model

and their relevance at SSC energies.These four areas are:

1) D>4 dimensional solitons, mainly topological ones. Search for

explicit examples of higher dimensional fermi-bose transmutation via the

representation theory of D>_3 infinite dimensional Kac-Moody group.

Skyrmions in effective lagrangians of QCD, oi" the staJldard electroweak:

model and its possible extensions. Their applications to SSC physics.

2) Self-duality, conformal structures and covariant quantization of field

theories . Further extension and applications of hypercomplex analysis to

four dimensional conformal field theories. Applications of special

• geometries associated with division, Jordan and related algebras. Non-

associative, exceptional algebraic and group theoretical aspects of

superstrings and supermembranes

3) Topological field theories in D>3 dimensions • Aharonov-Bohm-Berry

phase phenomena in field theories, anyonic properties of relativistic

membranes and the possibility of exotic spins and statistics in higher

dimensions. Various Applications to Kaluza-Klein scenarios and to

-
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condensed matter physics. Their geometric quantization via the

Kirillov-Kostant theory of group orbits.

4) Integrable systems in D> 2 dimensions ' search for a) explicit

realizations of Yang-Baxter-Zamolodchikov liked systems in topological

quantum field theories.b) physical realizations of

ouantum groups

The battery of mathematical tools to be used is varied. They include

index theorems, homology theory, theories of harmonic mappings, Gf

holomorphic function over a quaternionic variable, twistors techniques

and the Penrose Radon transform, the representation theory of D_> 2

current and diffeomorphism algebras, theories of links and knots, of Hopf

and affine Jordan algebras, differential geometry of exceptional manifolds.

Before going into the specific problems to be studied, I should briefly

retrace some past results which are natural stepping stones for the above

topics. Since the details of this research were already described in last

year progress report, I will mostly elaborate on further results and the

status of ongoing work of these topics.

Section 1 recalls the relevance of the Skyrmion approach to strong

interactions, mainly to the Tev physics of the standard model's Higgs

aector, then state the proposed problem of research

Section 2 reports on ongoing work on higher dimensional analogs of
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D=2 conformal field theories, specifically the study of relations between
,,

general covariance, infinite symInetries, self-duality and hypercomplex

analyticity in self-dual Yang-Mills theory and in the broader context of

cohomoloigal field theories.
J

Section 3 discusses some outstanding issues concerning nontrivial

Bohm-Aharonov-Berry phases of anyonic membranes. I report on the

progress achieved in the geometric quantization of D>3 topological gauge

theories by the Kirillov-Kostant method of group orbits.

I. Skyrmions as representations of current algebras

QCD is the undisputed gauge theory of strong interactions. Yet for lack

proper technical tools only its perturbative short distance ultraviolet

properties have been succesfully confronted with experiements. Indeed,

asides from the advances in numerical simulations on lattice gauge

theories and the insights they have provided, analytic n onperturbative

techniques are nonexistent. This frustating situation is in sharp contrasts

to the abundance and ever greater accuracy of experimental data on

hadrons.

However at a more phenomenological and semi-quantitative level, a

tractable analytic method of attack of the strong interactions problem has

emerged under the name of Skyrmion physics [1]. This solitonic

approach pioneered by T.R. Skyrme [2] was revived in 1979 by N.K. Pak

and myself' [3] in the context of effe,ctive chiral lagrangians and current
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algebra. In recent years, after the pioneering works of Balanchandrarl

[i], of Witten[ 4 ] and their schools, much research activity has taken

piace in this field, specially among nuclear physicists. A semi-

quantitative unified field theoretical picture has emerged for hadrons and

their interactions [5],

Asides from strong QCD interactions at Gev energies, there could well

be detectable new strong forces at work elsewhere. Consider the

standard su(a)xSU(2)xU(1) model of strong and electroweak

interactions While meeting every experimental test, it is nevertheless

structurally incomplete. The reason rests in the arbitrary mass of the

Higgs particle; MH = [ 8n (_H _/2 GF]I/2 ;(_H the quartic scalar coupling

being unknown. The same arbitrariness extends to fermion masses.

Consequently should the physical Higgs mass exceed 1 Tev (i.e. (_H ~1 ),

a very likely experimental possibility, perturbative analysis will fail as the

Higgs sector becomes strongly coupled. The three components of the

Higgs doublet, making up W L, the longitudinal components of the W's

m_d the Z, will interact strongly among themselves, with the quarksand

the leptons. These interactions will thus reveal an additional strong

"Higgs force", d.etermined within the standard model, and apparently

not accounted by a gauge principle, lt has been clear since Veltman's

analysis [6] that the Tev physics at this new regime closely parallels the

chiral dynamics of the SU(2) sigma model of low energy hadronic

interactions at Gev energies. As was the case for hadrons, one is led to

expect from the strongly coupled Higgs system a "Yukawa sector"

potentially as rich if not richer in stzucture as the quark or lepton

systems.
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Indeed in a paper with J. Gipson [7], we realized that the effective 1-

loop finite gauged sigma model [8] used to simulate heavy Higgs effects

has exactly ali global and dynamical feat,,lres of the Skyrme's actio: and

hence should admit Skyrmions. Due to the topology of the field space,

these solitons could be fermions upon canonical quantization [3,4]. We

carried over to the strongly coupled Higgs regime ali the physical

implications of the Skyrme modc l • we predicted a rich calculable

isobaric-liked spectrmn of fermionic resonances and estimated the

bounds for the lowest soliten mass to be 2,5 _< MSolito n < 4.0 Tev ,

.These bounds depends only logarithmically on the Higgs mass. This

soliton scheme is in fact a "minimal extension" of the stanc, ard model as

it makes no specific assumption whatsoever about the compositeness of

the Higgs particle(s). These "weak skyrmion" couple to leptons which

induce on them with such exotic attribr_tes as a leptonic charge L equal to

their baryonic charge B. In the past few years ,t_he above approach to the

Higgs sector has been investigated by several groups worldwide [9]

In 1987 , I began with Dr. P.Q. Hung of UVA to further apply the

skyrmion approach to the electroweak sector. The first outcome of this

project was a paper entitled " Can a fourth lepton family exist without its

quark counterpart ? "[ 10] (#31 in Vita). lt put forth the n,_vel idea of

accommodating via Skyrme's fermionization mechanism,new leptoi_s

within the Standard Model;, without the customary'need of

accompanying new quarks and without having to cope with the specifics

of the possible compositeness of the Higgs bosons.
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To carry further the above ideas behond their qualitative basis, a key

technical ingredient has been sorely missing in ali applications of the

Skyrme idea. We need a systematic mathematical quantum approach to

describe one and several Sl_jrmions. We need a wide ranging formulation

and determination of the precise nature and extent of the D>_.2 fermi-bose

correspondance behond the semi-classical analysis av_lable thus far. At a

minimum we seek ai- soliton operator analogous to Mandelstam's for

the quantum soliton in the Sine-Gordon model [1 i]. The latter,

intertwining operator emerges naturally from the representation theory

of D= 2 Kac-Moody algebra. Tile latter D>3 counterpart, e.g. the mapping

group { S 3" G } with its noncentral Abelian Q,number extension has been

studied in recent years by Rajeev and Mickelsson [11,12,14]. Lately these

authors have finally found some unitary_ representations [13]. The status of

thisproblem was surveyed in my talk this august at the Voralberg

Symposium on Symmetries V [15]. In the past months and in the year

ahead I propose to investigate, with my student, Marek Grabovski, the

possible physical relevance of these interesting representations in tile

context of QCD and the strongly coupled Higgs sector. This investigation

will be done as part of our continuing search [141 for the explicit

algebraic construction of a 1 or multi-Skyrmion creation operator in the

representation theory of D>_3 current ( and diffeomorphism)

algebras[15].

2. D>_4 Critical Phenomena: Self-Duality. Iriflnite Dimensional

S=Ymmetries and Hypercomplex Anal_icity.
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Mathematical tools tailored made for the study of field theories in

critical ( e.g.D= 3, 4, 6 and 10)spacetime dimensions have shown their

efficaci_ in connection with supergravity, superstring and

supermembrane theories [16]. That two dimensional conformal field

theories are elegantly solved by complex analys is widely appreciated. Yet

little known is the existence of hypercomplex analysis ofa quaternion

[17,181, octonion [19] . In several papers with Gfiirsey (see Vita) , the
i '

power and relevance of the latter function theories have been

demonstrated in the case of four dimensional self-dual Yang Mills theory,

sigma models, and in higher dimensional strings and membrane theories

[18,20,21,221. They closely related to Penrose's twistor program [23] for

solving nonlinear classical and quantum fieldtheories.

In particular in ReIt21] we stlowed that a conformally Kahlerian

structure of the euclidean Schwarzschild Ricci flat geometry leads to its

form invariance under the quaternionic analytic Fueter transformations

The latter form a remarkable infinite subgroup of the general covaraince

group. In some recent works [24] further significant progress has been

made on grafting an essential self-(antiself-dual) structure on this infinite

dimensional the Ftieter group. The latter now has as a subgroup, the D=4

conformal group . Well combined with the construction of self and

antiself dual quaternionic functions, this renewed approach has provided

a striking D=4 analog of infinite dimensional D=2 Virasoro conformal

group. In recent months I have been picking up this subject anew. My

goal has been a) to elaborate further on these new results of Gtirsey et

a1.[25] seeking their connections to the representation theory of D=4
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diffeomorphism groups, b) to explore possible application_ in explicit

D=4 critical field theories and by merging them into a larger structure

with higher dimensional Kac-Moody groups discussed in Section 1.

Indeed as an overview of the whole subject of division algebras and

function theories over them has been gained in thewriting of a

comprehensive (500 pages) book with F. Gfirsey of Yale . The book

entitled _' On the Role of Division, Joradn and Related Algebras in Particle

Physics" will be published by end of summer of 1991 by World Scientific.
'

Except for son le minor retouchings and small additions and the inserion

of references the book is essentially finished. A table of content is

enclosed.

3. Dk3Tovolo_cal Field Theories: Anyonic Membranes and Division

A ebras, geometric___uantization by the method of orbits

This study of this topic triggered by a paper of Polyakov [26] had

preoccupied me for the two previous years and resulted in four

publications [27-30]. The object has been to understand the possible

physical role of anomalies and physical relevance of added topological

action to the standard actions on the spinand statistics of extended

objects. We managed to show on primarily topological grounds that

certain membrane solitons in D>3 spacetime dimensions resulting from

remarkable Hopf mappings are endowed with oe-spin and statistics. Yet

the definitive proof should come from actually quantizing the membranes

themselves and show that the generalized Polyakov's phase factor



corresponds indeed to a spin factor. The difficulties of doing so are at

least the same as those ot quantizing supermembranes [31]' the nonlinear

character of the constraints, the possible lack of quantum consistency

due to anomalies. As with ali work on membrane quantization, our

progress has been slow but our work is continuing.

Recently the method of orbit of Kirillov and Kostant [32] has been

successfully extended to the geometric quantization of the Hamiltonian

action of an infinite group of symmetries such as the Virasoro group [33-

34] . Two dimensional topological quantum field theories such as the

Wess-Zumino-Witten model have been constructed on the co-adjoint

orbits of infinite dimensional Lie groups, As a first step toward a
,

geometric path integral quantization of D>3 topological field theories via

the orbit method, Marek Grabowski and I have succeeded [35] in

reformulating several classical gauge theories on the coadjoint orbits of

the semi-direct product of the the gauge group and the Weyl group. Our

construction is illustrated in the acse of the D-dimensional Yang-Mills
i

theories, the d=3 Chern-Simons and D'dimensional topological field

theories [36]. A copy of our preprint is enclosed. Work on the

supersymmetric extension of our scheme, the connection to

supercoherent states and on the application to the quantization of

topological theories is in progress.



4. Novel Non-Pert. urbative Approaches

4a Background

' Much of my research goes under the general heading of non-

perturbative methods. Though theyears I have applied them to dual

resonances models, to theories of quark confinement, to the topological

classification and dynamics of monopoles, vortices, instantons an d
,,

solitons . In last decade or so, powerful algebraic methods have been

: developed and tailored to solve whole families of integrable systems,

classical and quantum. They are the method of the (quantum) inverse

transform, of the generalized Bethe ansa_, " vertex operators" or

representation theory of Kac-Moody, and more recently the

representation theory of Hopf algebras [32] and quantum groups.

: Always keen on tackling the more difficult cases of higher

dimensional integrable systems, I have particularly been seeking ifljrther

explicit realizations of D>3 counterparts of the Yang-Baxter- equations

[37,38 ], called simplex equations [39] and connecting them to higher

dimensional topological quantum field theory such as the Donalson theory

in four dimensions. Some preliminary, work has been initiated in 3

spacetime dimensions in the form of a generalized Bethe ansatz in

collaboration with Dr. Peter Orland, now at Baruch College of the City

University of New York. Difficulties encountered so far are connected to

our current inability to solve for delta function interactions in two spatial

dimensions. These issues of higher dimensional integrability are

intimately connected to the representation theory D>3 infinite
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generalized Kac-Moody and Virasoro groups outlined in Section 2 [15]

and to the quaternionic analyticity approach to D>2 analogs of D=2

conformal field theories.

Presentations and Seminars in 1989-1990

Finally. I wish to report on my professional travels this past year. In

October 1989, I lectured on my work on Berry phases of antisymmetric

gauge fields at the departanent of physics of tile University of Cincinnati,

Cincinnati, Ohio. In May 1990, I paid a one week visit to the Institute for

Advanced Study, Princeton, N.J. at the invitation of Prof. Edward Witten.

During the last week in ,June and the first week of July 1990, I visited

and gave a seminar at two french laboratories at the Ecole Normale

Superieure in Paris, as a guest of Prof. B. Julia and at the Ecole

Polytechnique, Palaisseau, as a guest of Prof. Tran T. Truong. During the

first week of August, at the invitation of Prof. Biedenharn, I attended and

was principal speaker at the Symposium on " Symmetries in Science V:

Algebraic Systems: their Representations, Realizations and Physical

Applications" in Vorarlberg, Austria. My talk entitled " New Phases in D>2

Current and Diffeomorphism Algebras in Particle Physics" is enclosed.

During the second week in August, as a guest of Profs. H.B. Nielsen and P.

Olesen, I visited and lectured at the Niels Bohr Institute,the University of

Copenhagen, Denmark.
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