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[1] PROPOSAL OVERVIEW

Tile research pr()graln ill theoretical particle i)llysi('s Slll)l)(:,rt,e(l 1)y DOE
grallt DE-FG03-90ER40546 is a pr()ject with a l)road rallgc ()f illVCstigatiollS ()f
tile stallda.rd model an(l I)ey()ll(1, ilmlu(ling ll(ml)erturl)ative st_ulies ¢)f (l_lallt,_lIIl
field tlmoretic models using analytic and conltmtational tools.

The faculty i)articipants of DOE grant DE-FG03-90ER40546 are Roger
Dashen, David I(at)lan, Julius I(uti, Aneesll Manolmr, and Aral N('lso11. The
clm'ent budget sllI)ports three resenrcll associates (I(iw()(_ll Cluff, Karl Janscll,
and Elizabetll aenkills), tin'ce rcsenrcll aseistnnts, ()lie tlfird of ;i, secretary, all(l
mulmmr salary for I(uti, Mall()l,ar, and Nelson. Kal)lan's flm(liIlg 1)3'tlm graxlt
is COml)lelnmtted 1)y Ills DOE Olltstan(ling Junior Investigator Aw;u'(l wllidl was
rec(:ive(l last year for l)artial resca.rch support. Kal)lan's mlrr(,nt res(:a.rcll activities
alul plans for future research are (l('.scribed in the separate pr()l)osnl ()f ltis Task.
Tills year tlm gra_t also l)rovi(le(1 s_tpt)ort for visiting researcl_ associate Y_u:Slwn.

Tlm research l)rogranl f()r a tinm period of apI)roxinmtcly tl_rce ),cat's is
smnmn.rized in section 2, with stro_g e_nl,lmsis on investig_tti(n_s ()f tlm" last
twelve _no_ths. New rescarcl_ plans for f_t_u'e work m'e also prcse_te(l in sccti(n_
2. In parts A-D, results of tlm research progra_n are reporte(l fr()_t_ tl_e l_st
twelve mo_tl_s. In tlm stone Ira.rts, s(n_m e.arlier results with direct releva_me t()
c_trrent research projects are also discussed, tires preserving tlm c()_tim_ity ()f tlw
presentatimt. In part E, ea.rlier work which is not directly related to projects of.
the last twelve months is relmrted for a more complete presentation of tlm ge_mral

research profile of the group.

Some ()f the main research remtlts as o_tlined insectio_ 2 ca_ l)e s_t_mrizcd

as fl)llows. Paxt A describes research contributio,_s in Cl_m.ntumchr(m_()dynanfics.
In this a.rea a detailed investigatim_ of the spin structure of tlm mu:leon was
cm_tim_ed. In the low energy pion dy_mnics of QCD whicl_ is g()w,rncd by a_
effective action that inclu(les the topological W('.ss-Z_mfi_u) term, tl_e parity a_(l
statistics of soliton solutions kxmw,_ as skyrmions were i_vcstignte(l. A _w,w
fonm_lation of the low-energy chiral elrcctive Lagrangian of QCD for I)ary(ms
i_tcracting with l)ions was developed applying recent calculatio;ml teclmi(lucs
of hcavy quark physics in tlm context of quantum chrotno(lynamics. A new
(lcscription of constituent quarks as collective excitations of QCD degrees of
freed()m in terms of a tOl)ological knot in tlm i)ackgrou,_ct _q cl_i,'al condensate

("(l_taliton picture") was developed and extended. A kaon con,.lensatiot_ I_mcl_anism
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at, high teznI)eratures w_ investigated in tlm effective chiral Lagranginlz n l_proaclz

Hf QCD.

In part B of section 2 recellt rcsearclz res_dts a,re relmz'tecl witlz tlm 11nifyillg

tlmme of electroweak interactio_ls ill tlm labHratHry a IIcl ill cc_sItmh_gy, biIIlits

mx nmttrizm slln.sses ,are discussed togetlmr with a Sl_eci[ic llmdel tc_ realize a.

cosmologically safe 17 keV neutrino in a stagier-triplet lnajoron model. Soluthms

to the strmlg CP problem are presented aIld the rezmrlnalization of tlm CP

violatilig 0 par,'uneter is analyzed. The pHssilfility of baryogenesis durilig tlm weak

phase transitiHn is described. Tile conservatiHn of chiral cllarge in nmssless QED

with a clmrged Itiggs field is analyze_l at finite temlw.ra.t,tre as a toy Ino_lel f_t"

baryoll mlznber violation at lfigh tempera.ttlre in tlm standard model.

In part C of section 2, nonperturlmtive results are reported cozlcerlting the

l_liysics of tlm lmavy IIiggs particle and the lmavy t.op _lllark. Ileslllts on ill.:

triviality aalalysis Hf tlm lleavy ttiggs zlmss lmului are relmrte_l witll imztic_tlnr

exl_l_ltasis oz_ tlm al_plication of finite size. sca liz_g tl_e_wy isx large scale siz_l_lati_s.

Tlm please diagram of the Itiggs-'fl_kawa model a._d tile triviality _l_l_er I_n_t_l

for tile top _l_ark are also discussed. Tile eqlfiva.lm_ce of tlm heavy t_l_ _l_ark

condensate a._ld a_ ele_nentary Iliggs field arc reported, aral tlm fate _,f tlm lwavy

top q_aa'k vacllulll instability irl a tliggs-Y_kawa _nodel is descz'il_ed.

In Ira.rX D results on a variety of no_t-pert_trbative lattice i,westigations are

reported. A _letailed study of 1,1xeplmse diagrmn in lattice IIiggs-Y_d_awa zn_dels

is dismzssed a_d tlm prHble_n of tlavor a_m_lalies i_ lattice electroweak _no_lcls

is conu_w_te<l _pon. Results ozs tlm fi_fite size sca li_g a_mlysis _f tlm c_n_st,'ni_t

effective l_tez_tial are repHrte_l and a detailed fie.ld tlmoretic study of tlm res_ma_me
structure of the Lee mHdel in a finite box is described. First results o_ the fractal

¢li_nensio_l of critical clusters in tile _ model are diso_ssed, nnd a detailed st_ly _f

Gol_lsto_m bosons at finite tenq)eratures is reported. Results on cloister algHzitl_ns

and scaliz,g i,l CP(3)and CP(4)nmdels are presented.

In pm't E, sozne earlier resea.rcll topics which are not directly related to

currm_t work are briefly described. Ilare decay nmdes of tile Z 0 vector boso_

are analyzed and parity odd spin-<lelwnde_t str_mt_u'e flu_ctiolls are ¢lisc_zsse_l.

Electroweak mm-lHop corrections to the top q_mrk znass are Z'el_n'te¢l a_ul a

s_q_ersymmetric model with tile IIiggs ns a lepton is presented. Chiral clmrge

oscillation in the Schwinger model is discussed, and some critical remarks related

to earlier work on the electric dipHle moment Ht tlm neutron m'e descril)ed. Several

years Hf earlier involvement in tile DOE Gra.n,1 Clm llm_ge PrHgrm_ of very large

scale SUl_ercomputer applications is reported togetlmr with some rem_Its on lattice

QED.

h_ section 3, sixty-scvcn publications of research results s_zpported by DOE

grant DE-FG03-90ER40546 arc listcd for the tithe period of tl_e _last fierce years.
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Twenty-one invited conference talks for tile presentation ()f research res_tlts in tile

same time period are listed ill section 4. The proposed bltdget for FYS 1992-96

is I)rescntcd in section 5. Attachments iri Section 6 list in(livi(htal facldt, y SUl)l)()rt
all([ vitae.
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[2] RESEARCH PROGRAM

i

Tile resem'ch in'ogram for ali approxilnate t,ilne Iu'rio{l of tllree years is

smnnlarized ill this section with strong enlphasis on investigaticms of tile last twelve

months. New research plalls for futmc work axe also presmlted here. In parts A-I),

results of the research progra.ln n,re :'eported fro111 the Inst twelve nmlltlls. III tile

sn lhc lm.rts, stone earlier results witll direct ,'elcvam'e t,o current researcll l_rojevt,s

are also dismissed, titus preservil_g ';,lm colltinuity of tlm l_resmltaticnl. Iii l_art. E,

earlier work wllicll iS lint{lirectly r,.qate_l to projects of tlm last twelve tlU_lltlls is

reported for a nlore colnplete preselltation of tlle gmu, ral researcll pr_fih: of tlm

group.

A. QUANTUM CHROMODYNAMICS

Q_lant, mn dn'omodynallfic_ rmnaills _ major cmnponellt _>t"tlm rescm'cll pro-

graln. Ilesults of tile Inst twelve inont, lls are sum,narized lmre witll nn outlilw. _f

plnals for further research. A brief summary of the results discussed in part A is as

follows. A detailed investigation of the sl_in structure of t,lle Inlclecm was cnrrie_l

mtr by Mmmhar. In tile low energy pion dynamics of QCD wlli_:l_ is g_,ver_w_l

by nn effective action that includes the topological Wess-Zumi_lo term, tlm parity

nnd statistics of soliton solutions known ns skyrmions were investigated by .le_lki_s

and Mnnolm.r. A _ew formulation of tile low-mmrgy chiral effective Lngrn_gia_l of

QCD for lmryons interacting with pions was developed I_y Jenkins and Ma nolmr

_pplying re.cent cn lc_dational teclmiques of heavy q_nrk pl_ysics ill the cow,text _f

q_m.l_t_m_ chrom_dynamics. A new description of constituent q_larks aMc_llective

excitations of QCD degrees of freedom in ter,ns of a tOl>ological knot ill tl_e l_a<'k-

ground qq chiral condensate ("qualiton pictllre") was developed and exten<le<! l_y

Kaplan. In tllis part only his earlier work which contimtes ns a selm.rate Task

is reported. I(aplan's current research in _his area is dismissed ilt tlm separate

Task of his DOE Outstanding aunio," I,_vestiga.tor I)roposal. A kaon co_densa-

tion _mcl_a_fism at high te_nperatures was i_vestigated by Nelso_l in tlm elrectiw"

cldral Lagrangian al_proach of QCD. Tlm earlier involvement of tlm grmlp in the

DOE Grns_d Challenge Program of very large scale supercomputcr apl_lications is

presented in Part E.

6
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1. TIIE SPIN STRUCTURE OF THE NUCLEON

(Aneesh Mrmohar)

There has been lnttcli recent work and con|,roversy stlrrotttlditlg t.lw ltlen-

Stll'Ctllellt by tlm Eurol>ean 1V[ttOllCollabora{,ion of {,he gl strtlCttlre fttnctiott of tile

proton. IVlost of {,lie controversy coiIccrllS the role played 1)y l_lllOllS iii t,lle StllIl

rule for the first moment of gl, {,lm Ellis-,'Inffe sum rule. Alt, n.rclli an(l Ross liad

prol)osed that there was a poititlike glttoti contribut, ion to tlm gl sttni rttlr: con-

nected with tlm axial a.nomaly, a,ttd tliat {,lm first lll()lllellt ()f {,lie lmlat'ize<l glll_)ll

densi{,y, LNg, is given by tile forwa.rd lii,'-ttrix elclnelit "_t"tlm C,ller,l-Siln(_lls cltrretit

K II. They also argued that {,lie forward niatx'ix element; of K t` is gnttge itivarialfl,,

because K p changes by a {,o{,al deriva{,ive muler a gauge t,ra nsforln,at, itm. Tliese

claims have been explicitly shown to l_e false. The forward nmt, rix eh:tlient of Ktt

can be studied in a.n exactly solttl)le niodel, {,lie 1+ 1 dinwnsional Scllwitlg;er tile(le.l,

wllich has many of tile stone qt._nlitat, ive fea.titres as QCD (e.g. itist.attt,_,tis). II, was

showll by Mattohar {,ha{, {,lie forwar(l llia{,rix c.Iclllellt, ()f h'l_ is gmlgo _lol)eIl¢lotlt.

(arid singttlar) because I( p cottpies to tlm I(ogut-Susskilid ghost dip<,h,. 'l'litts ii,

does lte{, provide a good defitfition of {,lie p<_larized ghtoxl dist, ril,xtti¢,tt. Ily g,'tl-

eralizing tile standal-d {,reatlllellt of l)a.rtott distribtt{,iotis ltsiilg lfilocal ()l)orat_ts

to the polarized case, it was sliown flint /_59 is givexi 1)y{,lie matrix el,'tnetit c,I"a

gattge illvariatlt bit{, tloll-local Ol)ora{,or. Tlltls &g <lc)cs Iter, I'eprescllt, lt l_,itlt.lil,:o

cont, ril)tttioIl ctmnec{,ed wit, lt {,lie axial n tlolnaly, as I)rOl)OSed l)y Ali, arelli a.IlrI II()ss.

The bilocal ot)era{,or defitliti,)n of I,olarized l)artoli dist, ril)_tt.i<)tl ftttl('t.ioliS

allows ()tie to compute {,he gllIOll cotit, ribtttion to the gl stt'ilct, ttr(_ fltllctioIl. Tlm gl

st,ructure funct, ion can be writt.en as the sum (ff a. q_tark piece an¢l a gll_ot_ lfioce,

wlmre gql'g are {,lie Sl)in-dependent Imrt, s oi" {,lie li,"trd qttark ..and glttott scat, terittg^g
cross-sect,ions and _ represents a cottw_lut.ion. Tlm ghton cont, ril)lt{,ioll gl can })e

co_nptt{,ed using QCD perturbation theory. The gluoti contribution to gl was C()lll-

pitted by Carlitz, Collins and Mueller (CCM) 1)y s{,ttdyitig t,l_e ghton-l)ltoL<)t_ scat-

t¢:t'illg diagram. Their result depended on tlm rat, i<)p2/_z2 ¢,[ t,he gltton lllOtIICllt,lIlll

to t,he quark mass, and they argued that, {,he correct liniit is to take 1/2/_z 2 _ co.

whiclt gives a gluon contributiolx to the first tnOllleIl{, of gl of -o_s/27r. The CCM

calculation is itffra.red dependent because it uses tlm {,t,tal photott-gl_tcm sca.It,el-

ing diagram, rat, her than just tlm har,! l)art, .0_. Tlm lmrd cros_-secti,,_, ,0_ ca_,

be obtained by npt_lying fac{,_riza{,ion to l)hoton-ghton scattering, m_d usi_g tlm

CCM calculation. The result,ing expression for _ is i_ffx'arcd regttln.{,<_rindel)en-

den{,, and has zero first lllOltlelit. Tints a standard getmrnliza{,ion of QCD l)at'L¢)II

model results to the polarized case leads to tile conclusion that tltere is no gluon

contribution to the first moment, of gl.
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Another l)roposal due to CCM was t,llat the gltum contrilmtion to gl colll(l

I)e (letennincd by studying role-jet vermts two-jet events. Plmton-(pmrk scatteritlg
produces one-jet events, and phototi-gltton scattering l)roduces two-jet (:vmfi,s. This

prol)osal was studied in nmrc detail by Mnuohar. Fixed target, eXl)('ritn(mts calltlot

(listingu!ish between otic and two jet events, because the mlgle be,t,vcen jets is

of order .hit,argotQ, a.tld vanislms in tile deep inelastic lilnit, tIowevor, ()lm call

distinguisli 1)ctwceu tlm tw() (:ases 1)y stlulying (lee l) ill('.lnstic scatteri,lg ilt tile

centre of nln.ss frmnc. In flits case, it is possible to mensltre the p()la,'ize(1 gllu)n

(listriln'Lti(nt, Ag(x), by (listitlg_tisliitlg 1)etw(,.en otto a tl<l tw()jet evetlt, s. (A('t_tnlly

_,wo and three jet events, l)ecmtse tllere is now also a l)emn jet.) Ilowever, tlle tllree- _

jet co_,t,'ibution to tlle first nlotnent of gl is not -o_s/2rr, l)ut more cotnplicnted,

and depen(ls in detail on the CXl)eri,nentn] resolution atul (lefitlitioti ()f a jet. _l'lllls

tlm CCIvl t)roposal can be Itsc(l to d(.'tcrtnit_e tlle l)olnrizcd glu()tt distril)ttti()tl,

l)ut tile gltton contribution t() gl is llot a _ltti','(,rsnl (lttmltit.y related t() t,lle. axial

atlomrdy.

TI_e results of Mat:ollar, a t_(l earlier w<)rk l_y ,]atrc n,tl(l Mntl()l_nr (,lM), were

smn_l).nrized in the l)r()cee(litlgs of the P()larized Collider Workslml)ltol_! at, P_'n_

State Utfiversity last yea.r. Oxi tlm l_y l)()itltS, there is tmw ngr(:m_mnt I)etwem_ CCM

ml(I aM. Tlm points of ngreetn('nt nii(! (lisngreenmt_t l)et,,ve(:tl tit(: two gt'(ntl)S were

(lismtssed in anotlmr article in tlm same proceedings I)y Carlitz an(l l\'latloltar.

Ivlanohn.r lias also conll)_ttc(l tlm contrib_ttion of heavy q_ta.rks (s_cl_ ns tlm
c :rod b quarks) to the 91 structure function of the proton. Tlm cotltril)_tt.i(,t_s are

calculable ,tsi_g a coinbit_ation ()f an effective field tlleory ntr(1 tile ren()ri_m.liznti(n_

gr()up. The calculation is a strn.ightforward cxtm_sion of I)t'evio_ts cnlmtlations I)y
r '_ 'tAbbott m_d Wise, and Wittmi ()f l_oavy (l_ark (:()t_tril)t_t,i_n_s t._) FI, I1_( l_eavy

(ptark is i_tegra.te(l out at a re_l()r_lmlizatioti s('a,le equal 1,o its _l_nss. Tlm l()w

energy effective operators l)ro(.htced involve only the light quark fiel(Is (a_ld l)()ssibly

gluons), These elreetive operat()rs are thm_ scaled (Iowa to low energies, wl_ere tl_eir

proton _lmtrix dements n.re knowtt in terms of _neasttre(l light quark distribution

functiot_s. Thus the hen.vy quark distribution functions can be (:(nnl)_tted _isitlg
measured ligh_ quark distributions n tl(l cMculable mmnialotts (limet_si(ms. Tlm

spin nsymtnetry for tl_e b and c quarks is -(1.4+2.1)× 10 -a and -(2.,1:t: 3.5) × 10 -a

rt'sl)ectively. It h_ beeti suggeste(l tltat tl_e large st,ra.age qttark _ltatrix el('lll('.Itt

A,s in the proton can be writtmt as

2a"

for eacli quark flavmn' for which Q2 >> _2, wlmre a large tXg is Sttl)l)t)s(:(l to explain

the laxge matrix element As. &,'_ is interpreted as the "intrinsic" strange (ltlark

content of the proton_ and is expected to be small. However, from the al)ore cnlctt-

lation, it is clear for a heavy q,tm'k that/5q is small. Since tlm c_sAg contril)tttion

is the same for all. qua.rk flavot trs (a,lld in(Icl)en(lent of Q2), olle I'e_lllires tirol for

8
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a hcavy quark A(_ is large. This subvcrt, s any clailn t_llat A¢_is tlm iIltriilsic q_lark
coxltcnt and should therefore 1)e slnall for ._ (aild c, b nii(1 t,) qlmrks.

2. SOLITONS AND DISCRETE SYMMETRIES

(Elizabeth Jenkins and Anecsh Ma nollar)

Tlm low energy pion dynmnics of QCD is goverxmd by an effective _tcti(,t_
tlmt inclltdcs a topological term, the \Vc_s-Zutnitlo t,crm. It, is also b(,liew, d t,ll_t
tlm t_lmory c(mt,ains soliton solutions known a,_skyrlniotxs. Tlm skyt'IlliollS ,nrc sc)li-
tons in a purely 1)osonic tlmory, but, have to I_c q_mntiz(,(l as fcrnli()lls (for _I1()_1(1

Immbcr of colors) bccausc of t,hc Wcss-Zlllnillo t,crln. Tills f()llows fr(_In t,lm f_l('t
that tlm alnI)litudc for tlm rotatio: of a solit.on 1)y27r is -1. Jenkins a11(ll_,Iail()lmr
have shown that Lhc topological term aEccts (liscrctc quaatu,,' ,mnd)(,xs such as
tlm intrinsic l)nrit,y of solitons, lt is well know,l tlm.t, I)osolls n.xl(lm_t.il)()s()nsl_avc
tlm same l'mrit.y, but fer_nio_s ariel aut,ifer_i_s l_n.veOl)l)(_site l)nrit,y. Tl_c r('la-
five Imrit,y of fermio_s aa_(lat_t,if(:rtni()t_s(:n_ I)(,.(l(:t.(:rt_i_wd as f()ll(_ws. (',r('at,(" n
s()liton-al_tis()lit,()n l)a.ir from tlm vac_n, and SCl_arat,(:t,1_¢,_t,ill they nrc f_r al);_rt,
and non-intcra('t, ing, nad (lcnotc tiffs scq_wncc as S. C()_si_ler a_otlicr sc(i_wnce ()f
config_lrat, io_s S t, wlmrc (,very point i_ S t is the r(,il(:(:tion of tlm (:()rr(,sl)o1_di1_g(:o_-
fig_rati()_ in S. Tlm product of the i1_t,rinsic l)aritics f()r a s(:)lit()n-n_fl,is(.)lit_ l)_dr
(:a._ bc (tct_,rmilmd 1)y compas'ing tlm aml)lit_d(-s for S a.n(1 S _. Tlm W(',_s-Z_fi_()
t('.r_n _s only dctcrmincd for l)a.tl_s tlmt st,art and e_(l at tlw vn,c_ co_fig_lrnt.i_)_i,
so the act,ion is not defined for either S ()r S _. IIowever, tlw. relative n_nl)lit,_(l(;of
S to S _ (:n_ l)c determined, if S ends n.t a, solito_vm_tisoliton config_rat.i()n wl_icl_is
parity invariant, bccm_sc the two pat,hs can i)c glued t()get,hcr at tlmir (:_(l l)()i_t,s.
In tiffs cnsc, tlm rclativc aml_lit_l(lc is giv(.,n1)ya('tio_ f()r thc l)ntl_ S foll()wc(l I)y tlw
rcvcrsnl of l)a.tl_S _. It can be sl_)wn tl_a.t tiffs path is l_o_not()l)ic to tlw, 2_r r()t,_t,i()_
of _t solitons. Tl_s if solitons arc fcr_nions (bosons), solitons a.nd antis(_lit()ns l_ave
Ol)l)()sitc (snmc) parity. Sinfilar argu_nents to tlm abovc can als() bc _s('d to st,_(ly
tlm stat.istics of solitons; cxchangc of identical solitons produccs ,_ mi_,_ (l)l_s)

sig_ if t,lmy arc fcrmions (bosom,s). Tl_c statistics of s()li_,()ns was s_a_([i¢,(learlier
1)y diil'crent _mthods by Finkclstcin a_(! I_ul)i_stein but tlm r(:s_dt.s ()i_parity are
II(:W.

3. BARYON CHIRAL PERTURBATION T]IEORY

(Elizabcth Jcnkins and Anccsh IvIanohar)

' Jenkins and Ma.nohar have dcvch)l)Cd a new for_mdat, ion of tlm low-energy

chiral cffcctive Lngrangian for baryons interacting with I)ions. By treating baryons
in tlm chiral cffcctive thcory as hcavy static fcrmions, thcsc auth()rs obtained nn

improved and consistent chiral pcrturbation tlmory for baryon fields. Tl_is ncw
trcat,_ncnt cmploycd a._d gcncralizcd calculational tccl_fi(p_cs rcccnl.ly dcvclol)ed
for thc study of heacy quark physics in tlm contcxt of QCD by Sl_ifma_l and

9



Volosldn, and Isgur, Politzer, and Wise. Tlm QCD (lynmnics of l_a(lr(nls COllt,niIl-
iIlg a lleavy quark can be st_ulied in tlle liIIfit iii Wllich the lmavy qlmrk is I,ren te_l
as a heavy static fermion since monmnt, llln transfers due to gluon excllallge nrc
Inuch smaller than, and in(lelmndent of, tlm lmavy quark inass for IilnIly lln_Ir(nlic
processes. In an mm.logous fashion, baryon fields in the chiral bagraI@an cnll 1)e
treated as lmavy static fields since molnentuln transfi, rs lmtween l_n,ry¢)imdim to
lfiOll exclm.llge are slnall compared to tlm bary<m mass. Tlllm, tlm ]mryoll vd(w-
ity is effectively cmlserved in its interactiolls with pions at low mmrgies. Usillg;

tile velocity-dependent forulalimn for heavy fermions develolmd 1),,,Ge_n'gi, tlm
chiral effective Lagrangian for lm ryoll fields can be rewritten iii ternm ,)f veh_cit,y-
dependent baryon fields which satisfy a massless Dirac equation. Derivatives actillg
upon these velocit,y-dependent baryon fields I)roduce powers of k, a tyi)icnl tfi()n
Inomentum. Thus, higher dimension t(.'rllm in the clfiral Lagrangiaal with extra
(lerivatives acting on baryon fields are SUl)l)ressed t() tlm sn_ne ('xtm_t ns lliglmr
dimension ter_ns in which the deriw_.tives i_mt('.a(lact _l)(m pion fiel(ls. Tlm (lm'iva,,
five ext)a.nsi(m for b()t,ll pions and bm'yo1_s l)ec()_nes n._ expmmi()t_ it_ lU)wers ¢)f

(k/Ax) , where Ax ,--, 1 GeV in the cl_irnl sy_l_wtry 1)r(,aking sca.le wl_icl_ s_tl)-
presses non-renormaliza.1)le terms ill the cl_iral effective tlw.ory. Ih'.rctof()re, tl_e
derivative expansion for baryons was invalidated l)y tlm 1)nryo_l _nss (I)r()(l_w(,(l
1)y terms involvi_g ti_w. (lerivatives), wl_i(:l_is o,'(ler (nra c()_lmr(-'(! t,(_Ax.

Al)plicati(,n of tlm velocity-(leI)ml(ie_t forn_alism t()l)aryons i_ tlw. 1)ary(,_
cl_iral Lagrn.ngian not only j_stifie(1 the (lerivative expnusi()n for 1)at'y()_ls, Intt it
also resulted in co_midm al)lc simplification of tlm Feynman rules f()r bnryo_l-I)i()_
interactions. The Dirac structure of tl_e velocity-(lei)e,Ment ('.ffective tlwory (:a)_1)e
eli_ninated by i_tro(hming ve.l()city-del)e_(lc_t sl)in ()l)erat()rs oc{_ wl_icll net Ul)()_
baryon fields. Ali gmnma matrices in tlm chiral effective Lagrangian cn_ lm rc-
placed l)y sl)in operators and tlm 1)aryon velocity vector vtz. C_)n_l)tttnt.i()__ (,f
Fc,y_n_n,u (lingrmns is greatly facilita.t(:(l I)y tlm (,lil_i_at.io_ ()f g:u_a _nt, ri(,es
froln tile FeymlmS_ rules for i)aryons interacting with pi()ns.

Using tlfis new formulation of baryon ('l_iral l)erturl)ati()_l tlm()ry, ,lenki_s
and Mmmlmr computed one-loop ra(liative corre,cti(ms to 1)ary()_ octet axial ve(:t()r
c_rrents a_ld discovered that tile correctio_m were order one COml)nred to tlm tree-

level values. (The previous ca.leulatiol_ of tllese radiative corrections erro_m(msly
neglected wavcfunction renormalization.) Tiffs result semlm(l to in_l)ly that tlm
SU(3) chiral Lagrangian parameters D and F cmmot be reliably extracte(l froIn
hyperon semileptonic decays a._l(lthat SU(3) sy_mnetry fails at the ()_u:-lo()I) level
in 1)ary(m chiral t)erturl)ation theory. In a sttl)Se(luent work, lmwev(:r, .]e_kins
and Manohar slmwed that SU(3) symmetry is substn._tially restor(:(; if effects of
Sl)in-a/2 baryoll decul)let fields m'e included. Additional Feynmm_ diagrmI_s with
internal decul)let lines contribute to baryon octetaxial vector renormalization an(l
lead to signific,'mt cancellation mnongst octet and decui)let contrib_ttions. Tile
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cMculation of decuplet gra.phs was performed in tile limit of degenerate lmryozl

octet and dccuplet multiplets with b_f,h baryon umltit_lets treated as lmavy static

feriniml fields of the b_yon chiral Lagrangian. The iimlusion of demlplet fields in

tlm chiral Lagrangian led to two additional paranmters, one of whicll is clct,erniined

, I_ydecttlflet decays into oct, ct plus pion. Iii addition, radiative correcticnm to qttni'k

currents were computed. Parameter values for the baryon chiral pert, tu'l)ative

cnlculn.tion were simil_',x to quark niodel prcdictiotis.

. To see whetl,.'r decuplct t]elds restored ,5'[[(3) syi,uno, t.ry in aimtllo.r c_ntt,ext,,

Jmikins inw.'stigated one-loop radiative corrections to baryon octet mid _lectli)let,

I ina.qses. "File dcvelopillCitt o[' tile forinali_iil necessary for tlm inchision (_f spii>3/2

fields iii the |)n.r3,o:i ciiiral Lagrn.ngian ailowe(l rn.(liativc corrcctiolis to d(,mtl_let

Inasscs to be ca.lculatcd for Lhc first tiinc. The investigation showed that l)n.ry(_li

chiral perturl)n_ion theory predictions for ba.ryoll masses were consisteIlt wit, li oi>

servation to order 7tl,], where 71_._is the SU(3)-l_reaking strange qlia.rk iilass. A

new relat, ioi_ a.tnongst decliplet nlasses wllich Imlds to order 7,_ iii clliral Imrtltt "-

bation theory was obta.iimd. As a remtlt of tltis COml_tif,ation , ,lcnkiils follil_l tlln, t

., tlm decuplet-octet mass difference is compn.ral_le Lo SU(a) viola.ring inteHtiltlti-
l_lct nm,ss sI_littings iii both tlm octet and decttI_let IInlltil_lets aiid cnti tlwr_'fore

i be treated a.s a perttlrlmtion. This observati_ni jtlstifi0d tlie ca,lctllaticni _lf _le-

ctlplet colitributiotis to octet axial vector cllrrelit rctmriitnlizatiolt iii tlie lillfit _f

degenerate octet and decuplet baryons. Iii ad_lition, silice tlm deClll_let l_nry_tis

I can be treated as degenerate with the octet baryolis, dOCul)let fieMs caiiimt lte

removed ft'ore the barycm chiral Lagra.ngiml. Ali previous calculations _,f one-lo_q_

correctiolis to baryon octet quantities used a cltiral Lagrangian wliicli c_nly c_ii-

rained l_ai'y_m octet fields. Instead, decul_let fields Ilitist lm retaitwd iii tlm cliirnl

La.gra.iigian ca.lcula.tion. DectiI_let diagra.nis nrc fotlild to contrilmte signitlcmif.ly

• t,o renornmlization _f baryon octet <luantities a.t the one-loop level. As was tire

case for octet a.xial vector renorlnalization, stibstantinl cancellation a.nunigst octet

aaid decuplet radiative corrections was foimd for the Gell-Mann-Oklibo octet limss

relation and for Gell-Mann's equal spacing rule for decuplet masses.

Iii planned fitture work, radiative corrections to baryon non-leptonic S- ail¢l

P-wave decays, baryon radiative decays and ba.ryoIt magnetic moments will l_e

COmlmted iimluding the effects of diagrams which law,lye decuplet fields.

4. CONSTITUENT QUARKS AS COLLECTIVE EXCITATIONS

(David I(.a.plan)

The successes of tlm nonrelativistic quark inodel suggest thltt QCD lias

inassivc excitations in its spectrum with tlm qltant_un Imlnbers _f the c_trrent

qtiarks. They are expected to be massive even iii the limit of zero current masses

i for the qua, ks, and mW be thought of a.s collective excitations of current _luarks
i1.11(1 _DIIIU. OUl_ll ii, klt_Ht_lltlbll,)ll l_tltiiti }JIUVt_ lililbl3 lllb12it381,lll_l 1111881i11_ t',aiJi_t,illili_ itri
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examl)le, how the proton can have nonzero strange quark illa.t,rix elenlellI;S withollt

being inconsistent with the quark Inodel. As a collective excitation, tlm constitumlt
U and D quarks themselves co_dd have nonzero m_trix elmncilts of Ol)Cra.tors witll
current strange quarks. Otlmr interesting a.pI)lications could be tl,c calculatio,1 (,f
gA for the constituent quarks _ the axial co(tl)iing of qttarks to l)imls -- as well
as anomalous magnetic _no_nents.

Recently, I_:at)l,'tnsugge.sted tlmt tlm constituent quarks may lm th(,,lght _,f
a.s solitons in the background ,_q cozltlcnsate of tlle QCD vacuu,n. At, tirst sigllt,
tiffs sem;m a.bsurd since the cTq(:()IIIposite fiel(1can only carry sl)in zer,)or ()lie, nll(l
tra llsfl)nns under color as a singlet or oct,ct al)l)armttly a l)oor (:all(li(la.tc f(,r
creating a constituent quark, a color triplet witll sl)in 1/2! Itowever, Kaplasl was
able to show tllat a tol)ological knot in tlm l)a.ckground qq field can indee(l carry
tlm correct color, spin, btu:yon munber and statistics to bca can(li(late for a con-
stituent qua.rk. The i(lca was to co,lsi(ler a limit iii wl_ich chiral symrnetry l)reakillg
effects are strong as usual, l)tlt tlle otlmr effects of color are relatively weak. Tluls
tllerc can bc local colored tluctuati(ms of Oq which do not cost too lmt('l, _,lwrgy.
The l)hysics of these tlllctua.tiollS was investigate(l in a clfirnl Lngrnllgian, wlli(:ll f(,,'

one fla.vor, reflected tile symmetry l)rea.kitlg pat,torn SU(3)L × SU(3)i_, ---+SU(3)c
where SU(3)c is c()Ior, and tlm chiral sy_nmetries aa'e coilsid('re(l al)l)roxixIlate syIlx-
metrics of QCD below tlm clliral symnmtry b,'ealdng sca.lc. The clliral LngrnIl_in_
is a function of P, _ SU(3) and its derivatives, describing tlm l)l_ysi(:s (,f tlm ('(,l(_,"
()ct.ct of excitations of qq. These excitatio_ls are xnassive I)e(-ause tl_(' ('ol(,r i_ter-
actions explicitly break the chira.l symnmtry. Tlm theory also has a Wrss-Z_unin(,
term, rcflccti_lg the global mlomalies of QCD. As irl tlm Skyrme nm(lel, one ca_
co_si(ler solitons whicl_ carry n¢,_trivial wi_(_ing m_ml)er: E0 = exl)(iF(r)_ . _'),
with F(0) = rr and F(oo) = 0. By qua._ltizi_g tl_e collective co()r(li_at.es o_e ti_(ls
t,lmt the l()west excitation carries baryon numl)er B = 1/3, Sl)i_ .I = 1/2 a_(l
transforms under color as a tril)let. A si_nl)le dimensio_ml esti_nate give it a _ass
of roughly several hundred MeV. This excita.ti(m is called a "qualito_F' n,_l(lis a_l
i(lea.1can(li(l_tte for a constituent quark. Kai)lan's current researcll i,_ finis area is
discussed in the prol)osal for tl_e separate Task of his DOE O_t,sta_l(li_g J_ni()r
h_vestigator Award.

5. KAON CONDENSATION

(Ann Nelson)

I,_ 1990, Nelson coati,meal lmr investigation of kam_ co_(lcnsati()n a_d stra._g;c
. baryon nmttcr into tile lligh tc_nI)cr,-tture regime. In tile I)resmme of a kaon con-_

densate, or realignment of the qq condensa.tc, ali eight members of tlm l)aryonoctet can be shown by using a chiral lagrangian to become very light, with _msses

i less than a few hundred MeV. At temperatures above _ 100 MeV a local
scc-

_. ondary minimum at non zero < If > develop in the one-loop effective l)otential

I
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for the kaon expectation value, whicll becomes a global minimltln nt a tmnpera-

ture of ,._ 180 MeV. lt is possible tllat this is more evidence for a tirst order clliral

symmetry breaking transition, or it_ is possible that anotlmr trn.usitiotl, whose or-

tier im.rnaxmter is the kaon field, takes plnce at lower tempcral;ure tiron tlm clliral

symmetry breaking transition. Tll;s transition provides a possil)le tllechn, tlistll for

producing strmlge baryon mn.tter ill t,lle en,rly lmiverse.

Iqttttre resen.rcll into tile kaon condensation I_llo.tloxIlmla will exruni,_e tile

effects on relativistic lleavy ion c(_llisions, which semn tc- l)ro_lltce regia,is _f lligll

baryon (letlsit, y mid teml_erature. An enhnncetnent of tile K+/rr ratio is seen in

t,llese collisiotis, whiclt lllay be evidelme for lowering of tile effective kaon IllIiSSeS.

At moderate temperatures haul densities it is possible to use the tm.ryon-tneso,.__

chiral Lagrmlgiml to examine collective effects on tile excitation st)ectrlun, ntl:] if

thermal equilibrium is acllieved, to predict tile particle mtmbers nll_l traxlsverse

motilenttun distribution. Nelso,l is wc;rkitlg on sttch acc, lIllnttatiotl to see if it fits
the avn.ilnl_le data.

I
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B. ELECTROWEAK INTERACTION

I

III tllis part, recent research results arc reported witll tlm llI_ifyiIlg tllllvIImof
/

electroweak interactions iii tile lab.oratory and c()smology. A brief s_unlnn.ry of tlm

results (iiscltsse(i in part B is as follows. Lillfits on neutrino nlasscs me (liscllt_se(l irl
sttl)scctiott B 1 by Nelson and Manohar. A ,,st)celtic.... mo(Icl _orealize.,. a costnolol,icaliv,_, .
safe 17 keV neutrino in a singlct-trii)let majoron model was proposc(l I)y Cltll)iml(lI
rrl)()rted in sttbsection B2. Solutions to tlm strong CP prol)lem m'e (liscust:c(l 1)y

Nelson in subsection B3. Tlm renormalization of the CP violating 0 i)ar,'Inmtcr
is rcl)crted l)y Clloi in sttbscction B4. The l)ossil)ility of bary()gcncsis (hlrit!tg tile

• [
weak lflmsc tratlsitit)n is dcscril)c(l in sltl)sc(;ti()n B5 l)y Nclsoll and kaplml!, Tllci
co,servation ()f clfiral clmrgc at finite ).Cml)eraf,_u'ein ina.ssl(:ss QED wit.lt a ('liarg,o(l
IIiggs field is analyzed 1)y Manohar ill slli)scctioll BG a.s a toy model [()r llary()IiJ

i number viola.tioll at high teml)craturc irl tlm standar(l in()(Icl.m

I
i 1. LIMITS ON NEUTRINO MASSES
_m

i (Alia Nrlsoxl mid AIlcesll Mallollm')
Witll collaborator Steve Barr (Bartol), Nelson investigated a conlmcti_I_

between neutrino masses and baryogcncsis. Whey showc(l that if nm_trit_()s are

Ivlajorm_a l)articlcs and the lightcst nc_t, ri_m is heavier t,ita n 0.1 eV n_3' 1)ary()_l
number generated a.t high energies, almvc 1014 GeV, will bc waslmd out 1)y ,nn()_na-
lo_s weak baryon number violation.

'File recent evidence for a 17 keV _mutrino cnfittc(l in 1% of nuclear 1)(;ta

(lccays has sl)aw_md a lot of new theoretical work. Mmmhar and Nelson cxnmi_md
tlm constraints o_ the neutrino mass st)ectrum as_(l mixing angles fr()m searches
for new,trino oscillations, masses, and ncutrinoless doul)le I)cta decay. Tlmy fo_md
tl_at, if tlmre are no new neutrino degrees of freedom such as SU(2) x Lr(1) singlcts,
tlm_l there are two possibilities consistc_t wit!l a 17 keV _mutrino. ()_m possibility
is that there is an exact (or nearly exact) c-F r -_. symmetry, and tlm 17 keV
_muttino is Dirac, with left handed (:omi)oncnt a linear coml)inati()_ (_fclcctr()t_

and tau neutrinos and right handed coral)orient tlm muon antineutrino. Otlmrwise

tlm muon _m_trino must bc heavy, wit,li mass in the rm_ge 190 keV < ))).),, < 250
keV m_d _nixing designed to cancel the contribution of the 17 keV neutrino to

1 ne_trinoless double beta decay. In another paI)cr, Nelson showed that the seco_Mpossibility can be obtained in a natural model without fine tuning. The basic idea
here was to arrange the lepton number symmetry breaking so tl_a.t the clcctro_l

number symmetry breaking parameter only breaks electron number by one unit,
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whereas neutrinoless double beta decw reqltires electron manlier to chmlge I_y

two units. In Nelson's model, neutrinoless ¢lo_tble 1,eta decay will only occur

through very thly second order effects in tile electron luttnl_er sytlltlmtry l_reaking

pnrntneter.

2. TIlE 17 KEV NEUTRINO AND MAJORON MODELS

(I(iwoon Choi)

Recent men.qttrements of the fl decay spect, r,'x of tritilml, S 35 a,t|¢l C 14 llave

st:ggeste¢l tllat Ve hns a small mltuixt_tre of a 17 keV lu;ittrino with t,lixi,.,g l_r¢_l_-

ability sin20 " 0.01. lt is well known tlln.t a stable massive neutrino with nmss

Mmve 100 eV but below a few GeV wmdd have a cosmological energy dmlsity larger

tllan tlm critical density, rims leading to a utliverse width is too yo_u,g. Tiffs itll-

plies that a costnologically safe 17 keV neut.rixm shcntl¢l either decay fast ozmltg;ll,

or llave nai annihilation cross section tnucll larger than t.llnt ¢_ftlm stn11¢lnrd weak

gmtge interactiolls, so that its relic lnnss density is significmfl.ly re¢htce¢i.

As a specific tnodel to realize a comnologically sn£e 17 keV nmtt, rino, Clmi

n.lx¢.lSantntnn.ria invmlte_l a singlet-triplet ma.joron llm_lel wlmse particle cotltetlt

has a triplet tliggs field X = (X++,X+,X0) and also a singlet tliggs a in additi¢m

to tlm particles in the minitnal standard model. In tills lm_¢lel, tlw gl¢flml B - L

synltlmtt'y is Slmntn.neously ln'okml tlm.lilly by the vac_tu|_ exI_ectn.l,i_n_ valuta _f

rr a.n¢l tires tl_e res_dting Goldstone boson q_, known ns tlm Mn.jorot_, is _¢_st, ly

lm(o') witll a small n.dtnixture of In_(.\0). The al,serine ¢ff p-less ,l¢ntl,le [1 decay

can be achieved l)y employing the fn.tnily sym_netry Le - LI_ + Lr wl_ich lentls to

two degenerate 17 keV Majorana neutrinos that hre mostly P/_ nnd pr. Due to

the GI1H s_tppression in decay atnplitttdes, 17 keV neutrinos, are costnt_l¢_gicnlly

stable. Ilowever majoron couplings tc) i7 keV neutrinos provide n.n n¢l¢litiot_nl

a n_fil_ilatio,, channel t,v _ _ and tires n.llow the present etlergy density t_ot

to exceed the critical density. This atudlliln.t, ion mechanisn_ tlmn giv"rS rise to

a,n ititeresting prediction on the vt_ and t/_- l)ulses from suI)ern()vne. Cl_()i nt_d
Smitn.inaria observed that the annihilation cross section wliich is lhr'ge ml¢)ttgll to

_uake the present energy density less thmi the criLicnl density nmkes tlm 17 keV

neutrinos strongly trapped inside the stti)ernova core. Since _q_anal pr are _mstly

17 keV neutrinos in the model, tile resulting itltettsity of _#_atm t"r l_ulses wo_tld

be too weak to be observed by the neutral current detectors prolmse{l for a ftttttt'e

supernova explosion. One of tile motivations for the model was to investigate tlm

possibility of 1_ keV neutrinos as dark matter particles in galactic llalos. Clmi atm

Santama.ria found that ,_,he diffuse X ray backgroutld produced l_y tlm radiative

decn.y of relic 17 keV neutrinos implies tltat tile present mass density of 17 keV

nmttrinos is less tllan about 5 % of the critical density, flats nltiu_st ,'ttlitig out tile

possibility of the 17 keV neutrino as a candidate for dark tna tter.
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3. TIlE STRONG CP PROBLEM

(Ann Nelson)

Tlle stl,'ollg CP prol)lenl, i.e. tile al)sell(:c (_f str(n_g, CI' vi_)ln{.io,i ns _'vi_l('ll('e_l

by tilt ln(:k ()f a lleutron electric dil)()le Ill(ma',lt,, is ali iIlll)()rt hilt clue t,_)_l,"Wl)llysi('s

l_wm_(! t,l_e st,q1_dnrd model, hl, (,_CD r_ll C,P "vi()la.i,il_g (,trect, s nrc l)rOl)()rt, i()llnl t,_)

f,lle l)n,l,'atllet, er _, (leflned to 1)e _ - _9(.)(:i) -t-nrg dc,t, 711q,wlze,'e flQ(.:l) is t,lt("(:oeili(,i_'11t,

of ((_'QCI)/S,'r)G( 4 n_d ))).q is th,e q_al,'l,: _zmss _n.t.l,'ix. Tl_e _l)l)Cl,• l)o_(l ()_ _ is _)w

< 2 x 1()-10, wl_i(:l_ is l)uzzli_g si_('e n. large l)l_nse ()c('l_rs i_ t,l_e I(hI _ntrix ill
t,l_e s_,nu(lard nl,odeI of weak C',P vi()In.ti(n_.

'I'l_el,'e is _, class ()f _m)(lcls v,'it.l_ Sl)O_t,n_c()_lsly ])r()D'l_ CP i_ ',vl_i,'l_ ni. l_ig;l_

eizel,'gies 0 -, is equal to niiQ(,I) zel,'o, (1 tile 1)lins(" ()f t.l_e (l('.t,erl_i_lnilt ()f tile (lltnrk
mass mn.trix is cn.lmllable m_d vel,'y _mnr zero. Tlmse tl_('ol,'ics _m_nlly l_l,c(ii(:t, n

ll(:utr(n_ dectric (lil)ole _m_/nei_t wl_i('l_ is lnl,'g,el,' tlln_ ,--, 5 x 10-27e-('_li, gen('l,nl,e(l

via fllfite l(mp effects. 'Elm observed CP vi(dn.t.i(nt oc(',_rs, as iii tlm st,n,,(lnr(l I,_()¢1¢'1,

tlll,'o_lgll a. 1)lmse iii tlm I(ol)n.ynslii-h'I_skn,wn. (l_tm'l,: i_lixiilg _lint,l,'ix. Gn_g,(_ ()l,',,l()l)nl

sv_lil_etries f()l,'ce the _lunrk l,nnss l,_mtl,'ix t,() ll_,_vcr,.Sl)(:('inl f_>rm (>l,'"t,(,xt_re" wit.l_
l,'enl dei, el,'_liii_n._lt; nll(l if, is i_),(:resl, ii_g; t,o ask wl_n.f, ()),l_el,"(,(n_si,rni_),s ()_ (ll_nrl,:

_nss(:s nii(l _ixi_g ll_n,y a,l,'ise. Nels(n_ l,'ccelltly exailli_le(l a. ill()(l('l wl_eI'e t,]le slllnll

size of 8 is gum',n_l,t(.'ed by n._ 30(3) tlavor syllllllet, l'3r allyl [()_tnd t11¢: h,ll()wi_g;

l)l,'edictiolis fol,' weak scale physics

1. At trce lev('l, tile ,tppcr 1)outed (.)ii t.l_e t,(_l__nnss is

illtl)lyi_lg nii ttl)l)e.l,• 1)olul(l otI tile 1)liysicnl _linss ()f nl)()ttt, 12() G(,V.

2. Tlter(' is nit ilfl,ercst, ing r('lnti(m iilvolving t,lie IsiM l)linse, t,ll(: t.(,l) _lnss, nll(l

t.lxe I(M ntlg, les, wliich l,nny 1)e wrii, t,eu eitll(:l,' as

l(td _ '"c _ ;_,, ,l

-- ° 2 "' 2'Ii, ts _. I_,i2 7_

()l."

cos(,S_a) _ + t - .

a. Tl_e l()wer l.)oulnd on the top m_ss c(nlst, rnills {,l_e b t,(_ _t KM ('lml_('i_t t_) lie

i_x tl_e l,'n._lg(',

0.15 < -- < 0.3.
1_cb

Anot, lter (:.lass of soh_tions to tire stl,'ozlg CP l)rol)lcun involves a. sylmnctry,

i called a. Pe('cei-Q_li/nil, (PQ) symui(.'tl,'y, wl_icl_ is oilly 1)l,',.)k(,l_1)y t,l_e QCD n_m_lals',
--i 16
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SItcll models usually lead to an nxion, llowever Nelsotl has foun(l sot_m exatlq_les of

tnoilels witll a PQ symmetry and no a.xion. The essential feat, ures ()f tliese Inodels
ltre

1. The only colored ferrniotm Lo carry tlm PQ sylmnetry are tlm til) , ([c)wtl

and/or strange qun.rks, a.ltliotlgll tile PQ Syllllllel,ry tna.y a.ls() l_e carrie(l l_y

sc,'dar particles nil(l/or colorless [ernlions.

2. Tlm PQ symmel_ry is nel spontnneollsly l)roken nbove tlm QCD c(ni¢lensaLe
scale.

Ali n,XiOll is t"l,ll nl)proxitnn.t,e Goldstone boson wl_icll occtlrs ns a resttlt ()f a

Sl)Ontaneotmly broken, nearly exact, symmetry; t,lds Syllllllet,ry iS ali anomaly free

linear c¢)illbillat,iOli of Lhc PQ sylntlmtry all(| tile U(1) n2(ial Syllitll(:l, ry actitlg on

the light, qttarks. Iii Nelson's nxioIlless models tlle nearly exncl; sylllllletry xieed

not, be sp()llLaneously broken, since it in not carried l)y q_mrks. Tlterefore tllere in

lie Cloldstone boson, bttt there will be new light pm'titles carrying ali a.lqm)xitliat, e

global sylntlletry. These particles Inay llave escaped detect.ioll if Llloy ]lI_ve lll,nsses

ill tlm GeV ratlge mid decay inLo lia(.h'orm. Tlm Sl)Otit,aneottsly 1)roketl PQ sylnlltet, t'y

need not; lea.d to a Goldst, ozle l_osoll if it, is l)roketi n.t, t,lle QCD sc,_lc'., sitice (,_C',D

mmnmlotts PQ sytnmetry brenkitlg effects are strong. In Nels(ul's cu'igitinl tll()(lt:l
the new l_articles co11[,ril.)ute tr) Z 0 (lecn.ys a.I; a level wlficli in llOW rttle(l (.)tit,, 1)tit
varinnt,s of t,lie model are still viable.

4. RENORMALIZATION OF TIlE CP VIOLATING 0 PAItAMETER

(Kiwoon Choi)

Several interest, ing extensio,ls ()f the st,alldard Illo(iel l)redict, new CP vi()lat-
illg wenk interactions. For stlch llm(lels, t,lm st.rong CP l)roldem ass()('int,e(l wit.lt

tlm ext,relliely slnn.ll vnhte of 0 (_< 10 -10) iii QCD 1)ecotlms e','etl lll(),'e l)ressing

due t() a large renortxmlizati()_l of 0 itl(luced by these i_('w CP vi(_latitig; inter-

actions. R.eceutly Weinl)erg pointed out that the CP odd flu'ce gltt()_l oi)crater

O.q = fabcG_,Gb_'G_ad '"p'r which can l)e identified as t,l_e clu'om()elect,'ic dipole
x_l()me_lt (CEDM) of the gluons can be a dominnalt source for t,l|e elect,'ic (lil>()le

moment (EDM) of the neuh'on. Later, it wns noticed tlm.t, tile CEDM of t.lte b

qun.rk, Ob, can be miother inq)ort, nllt source. Iii a renormnlizal)le tl_eory, tlie. effec-

tive operators Og and Ob n.re _tsttal!y in(lttcetl 1)y the excl_nnge of l_oavy I)nrt,icl('s
alcove the Fer,ni scale. Cllang, Clt()i, ntttl Ketmg (CCK) tlt(.ul sttt_lie(I tl_e cffe(:t,s ¢,f

t,hese new CP violating operat,ors oil t,he renormalization of 19. The re_tormaliznti()n

gro_t 1) (RG) mixing a_nong tile 0 term, O q, and Ob Ims 1)ecn comported i)y Moro-

zov some time ago. CCI¢. checked the entry tlmt was never confirmed by other

calculations before. They then found tllat, for models wl_ose flavor co_tservitig; CI"

violation at, tlm Fermi scale in (lo_ninated by Og or Ob, tl_e most itnport.ntit cotttri-
but,ion to the ncut,ron EDM comes frotu the 8 ter,n which is induced I)y tile I1G

evolution of Og and Ob unless tile _no(lel cont.nius a Peccei-Quilln (PQ) syt_met, ry.
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Tlmy also noted that, for a natural range of CP vMati,lg tm.ral,mters, left-,'igl_t
synunetric models and multi tliggs dmlblet nm(lels give rise to ali 11IlaCCel)t,al)ly

large value of t9 through the R.G evol,uti(m of Oq and Ob.

5. WEAI( SCALE BARYOGENESIS

(Ann Nelson and David I(_ll)la,!l)

During the last year a11(l a llalf, I(aplan all(l Nelson, almlg witll (.',()iwll
(Boston University), lm.ve been st_t(lying tlm t)ossil)ility ()f lm.ry()gmmsis (ilt,'illg tlm

' weak pllnse transition, Tlm oi)served baryoll xllmll)er of tlm Illliv('rse gives i1_l-
!
, l)ortmlt clues abottt pllysics at sltort distance scales, and is c_lrrelltly _)tl(:of the

most ConviImillg pieces o1"evi(lmme for t)hysics beyond the stan(lar(l lll()(lel. If olin
discards the idea that baryon mmll)er (or baryon milms lel)tOi_luiIItl_cr, wl_et_the
effects of a_mmahnts weak i_fi,eraction baryon m_n_ber vi()latim_ are c_tsi(ler('(1)
is simply set by nn i_fitial condition i_ tlm _u_iverse, then tlm ol)s(:rv(,d 1)ary(n_
to i)hoton ratio today tells _s tl_a.t tlmre is a(l(litio_al C,P vi()lati(n_ l)esi(les tlm
I((_l)ayasl_i-Mnskawa (KM) please i_ tl_(, stn ndm'd _no(lel; si_q)le cnl(:_lnt, i()_s sl_()w
that 1)ecm_se of the s_mllness of s(n_m of tlm q_mrk Y_kawa c(n_l)li_gs, KM C.P
violation co_'..l at best lead to a baryon/l)hoton ratio today wl_i(:l_is al)tmr 10-20,
ten orders of magnitude smaller tlmn oi)served. Until recm_tly, it was als() tlm_g;llt
t.lmt au additional source of baryon violation at short distance scales wan r(,_luire(!
for bary()genesis, Mthough as 't Ilo(fit showe(l, the standard _()(i(:l (lot's (:(n_t.ai_

• baryon violating p,'ocesses, witl_ rates m_pt)ressed 1)y ext)(-2rr/(vwk ). Tl_is s_l)-

l)ressi(m is l)rol)ably al)sent at te1_l)erat,_trcs nl)()v(,,tlw (:til.lt'al t('_l)('rat,_tr(' f()r tl_(:
weak i)lmse transisition, so tl_nt a_omalo_ts w(.ak baryon vi()lati()n ()(:(:_trsral)i(lly

in the early universe.
,, If the weak phase transition is first order ()r sl_i_m¢ln.l, then l)arb'()gmwsis ca_
l ()ccur during the trn.nsiti(m, si_(:e tlm universe is out ()f thermal e(luilil)riu_. Tlu,

i l)aryon _m_nl)er produced will (lepe_(l on some of the details of tl_(: tra_sit, ion a_l
(n_ tlm CP violating imra.meters of tlm effective tlmory at tlm weak scale, nn(I so cn_

_i give us constraints on experimentally a,ccessil)le physics. As (lism_ssc(! al)()ve, tlm
most i_tercsting clue is that tlm oi)served l)aryon number re(lui,'es tl_(' i_tro(l_cti(n_
of a _ew source of CP vi()lation.

In two recent papers Cohe_, I(al)ln_, and Nclso_ s_lggeste(l a s(:m_ari() for
lmryogeuesis in a model wlmre ad¢litio_al CP violation was i_(:l_le(l l)y i_t,'()(hw-
ing right lmnded neutrinos with a CP violating mass matrix. Tlm rigl_t l_m_(led
neutrinos recieve weak scale nmsses ht the weak transition via Sl)O_ta_mo_s lel)tm_
m_nl)er violation. There is a di_nensionless CP violating parameter i_ tlm tlmory,

Milch, if maximal, is given roughly by 6Cp __m2, G/_,, where m._, is tlm ta._ _mu-
tri,m mass (assumed to be the heaviest conventional neutrino) m_d GV is Fermi's
constant. Therefore a rough upper bound on the baryon to I)hoton ratio in this

_nodel is G F))).2_,,which gives nn esti,nate of 30 MeV for tlm tmr _m_ttrino n_ass,
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wliich is ill a measurable rmlge but I)el(,w t,lle exl)e,'itllental tll)l,er 1)otuld of 35
IvleV.

The lmryogenesis nlechatlifilll iii tllis lilOdeI is c(mll)letely (lift'ereltt frolll those

l)r()l)OSed for conventionn.1 GUT scale lm,ryogelmsis, l)elmrttu'e fl'olxl tirol'lasl e(ltti -

librituti iv achieved tl_rough suI)er(:ooling; aL tlw ,5'[/'(2) × U(1) l)reaking tl'allsiti¢)tl,
Wllell btll)bl(,s of true vactlUli1 forlll. Tile I)ubl,le walls eXl),tll(l lille tile false Wl(:-

tittle, scattering Imrticles iIltO nOll-therlllM sI,nt, es. IligllLltanded llellI',rillOS, wliiclt

are nlassless mit, side the bubl)le and very lliassive wit, llitl, reflect off tile _dva.ncilig
bttbl)le wall. With CP vi()lation, tlie r('.flccted hq)tOll IlUllll)c.r tlllx (.'._11l)e Ii()IlZCI'(),

even when the illcolning fhlx has zero leI)tOll nulnl)or. The sign of tile effect is dim

': to the sign of the CP violating parameter of the theory. I3ecatlse t)f n lmtnnlotts/3

nnd L vlolatioll in the tlllbroken l)lmse, tliis ex,.ess of h'l)tt)n llllllll)er Call be coil-

vm'Led into baryoll Ilttllll)er. In fact, since /3- L is not nn()Inal()lls, the all()tllalt)lls

i /3 + L vit)la.tilig processes will equilil)rate B + L, wllile n()t cllallging /3- L. TllllS41
SOllle ()f t,lle lel)(;on excess is coIl_'(.'1'tcd t,o bf_l'y()ll lllllll])Ol'. T]l(iSC ]);ll'y()liS [,llell

i 1)ass througll tile exl)anding bul)l)les ilit,o the trite vacllltni l)llnse, wlwre 1)nry(nl

vi<)l,at,iolt is SUl)l)resse(l by a Lilly exl)t)twllt.inl.

Tllis tlmory of baryogellesis llinkes (lei'i,iii.e exlwt'islletit.nl l)r(:_iicti(,lls, stt('ll n,q

a lle_.lt.I'illo lllass O[" 10-30 MeV, mxd wouhl be test, al)le at tlw. l)r()l)ose.([ ('llarlll-t,,lal

i factory i:l Spain. Also, there nrc extra lltT.llt,rillt)s with wenk-sc,'ale IllaSses ,'111(1CP

I violating illteractions. Detailed knowledge of tlm' lletltritlos all(l there itlternctiolls,

t toge.tller witll ali understanding of the weak transition paratlmteI's stlcll ns tlw

alllOllllt, O[" Stll)orco()ling , tile latent, heat released, a.ll(l Llle LrnllSit.i()ll t(.qlll)('l'aLtiI'('

wotlltl ev('tit,ually allow n. precise nttlnericnl Calctlln.t,ioll ()f tile lmrytm lllllll))('l" (,f
tlm ttniv(:rse, nnd cotlhl evelltually l)rovide collstrnint, s of Imrticle l)llysics llu)(lels

allI l.log()llS to tlm contraints inll)oses by nucleosynthesis cnlculatiolls,

Ali inllmrtant ingredient of the Inodel is that it is not Imcessnry to dire.ctly

COllllC,Ct the CP violation with a,nOlllalotls 1)ary()ll violatioli .... tile flew CP vi()latiotl
can l)e ltsed to create asymmetries in qlm.tlLlltll Imtlllmrs other tlln tl l),qryotl mile-

/ ber, slid a,lmlnnlous weak interactions can convert tiffs ,q,synHnetry lilt()a baryoll

i a,synllnetry. T.11is observation also plays a role ill a lnodel discussed ill a.l_othcr
! recellt i)al)er. In tills model, additional CP violatiml is inchlde(l 1)y int,r()dtlcilig

a secotld scalar doublet and CP violation in tile scalRr potential. Interactions ()f

= tile (l_larks and Icl)tons with the scalar fields i,lsi(le til(,' phase 1)oundnry l(mds t,() ..

ali "effective chetnical potentia.l" for fertllionic llypercll_lrge i.e. a split in particle-

mltilmrticle energy levels. In the lilnit, where tile walls are fat aral/or slow lIU)vitlg,

scattering processes inside the wall itlvolving tile top qtla.rk Yukawa cOltl)litlg will

generate an asymmetry in top quark hyt_evcharge. Anomalous weak process tllen

convert this top qum'k hytmrcha.rge asymmetry into a baryon asymmetry.

Current work considers the more likely lilnit that the phase 1)()umlnry is

thin colnp,'u'ed to a typical sci_ttering length for top quarks, and st)one call I1e-
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glcct scattering processes inside tlm wall. Rcflcctiou of top quarks off t,l_c wall
into tlm symmetric phasc will produce an asymmetry in top quark hyl)crc:lmrge,
since ilx the presence of CP violation tlm probabilities for left and rigllt llanded
top qum'ks to bounce off the wall a.rc different. This effect is silniln:' to tlle ol,e,

previoltsly considered for neutrino scattering, except tlm t t.lxc qua3d,utxl Xl_ulll_(,r

rcllcctcd into tlm synmmtric phase is llyI)ercharge rat,lwr tiron l(q)totl ll_tml)er.
Since liyl)crcharge is not ortlxogoxml to 1),"u':,,onmxml)cr, ilx tl,e prc's(;tlcc ()f net
llyperclmrgc the anomalous weak processes pt'od_lce bnry(nm n lid n.lltil)nry(nls at,
nsymlnctrica.l rates until tlm baryon lumlber reaches a im||zero eq_tililn'ilu|l vnl_tc.
Kal)lan hud Nelson are working on a detailed cnlc_tlati()tl ()f tl,, 1,ary(,n ll_ttlll,er
expected in llutlti Iliggs lnodels; it i:: likely that t)ro(htcillg e|l(,_|gll l)nry,,n llltt)d,('r
will c(nmtrain cxpcri_uei_tally obs(rrval)le quantities such ns particle cl(,ctric (lil),)l(r
lllOlllClltS.

6. CIIIRAL CIIARGE IN FINITE TEMPEII, ATUItE QEI)

(Ai_cesh Malmhar) ,

C()heti a)_(1Mn.uolmr st,tt(li('(l tlm ('()_setvati()_ ()f ('l_irnl (']_nrge it) _s._l(,ss
3+ 1 diinei_sioi_al QED at fii_ite te_l)crature. Tlm Clmru-Siiuo_s x_r_l)(.r ii_ QEI)
ca_ be written in gauge invm'iatit for'nx as

°/Qcs - dx dx' n(x) ×U(x'). (x- ×')Ix- x'l '

Tl,is leads to some very interesting cot|se(lue||('(,s wl_icl, ar_' 1,est st,,_li_.(1i**t.lxe
case of sl)ontancously broken QED.

Tlm theory investigated was lnassl(:ss QED witli a cliargcd Iliggs fi(:l(l, wl,i('l,
does not co,tl)lc to the fermions. Consider au Cml)ty box at zcr() teli,l)ernt,tre,
nu(t ad(l some _nasslcss fermions of a dcfi|litc ('l,irality. Tlm I)rol)l_'**lst.**(lie(lwas
what hapl)CnS to tlm box ,'al'icr it is l,cat,c(l up, and then coole(1 back (l(_w_,. Tlm
colmlusiot| was that at liigh temperature, chiral cl,arge cn_, disappear 1)ecmtse of
fl,ictuations in E. B, but when the box is coolc(1 back down, the ,nnssless ferti|ions
real)pear, and the box has tlm santa chiral cl,nrge it started with. The co,wlusio_,s
f,,)llow fr(nn the above expression for Chcrn-Si,iious nulnbcr, hud tlm fact _,l,nt it, is

clmrgctically costly to have magnetic fields iu Sl)(mtane()usly broken QED, so tl,at
at low tclnpcraturcs, the ground state has no x,_ngnetic fi(:l(ls.

SI)ontancously broken QED has flux t,d)e solutiotxs, and cons(rrvation ()f

Qcs produces some interesting consequences for these flux tul)es. Tlm above ex-
pression for Qcs is proportional to the linking munber of tlm flux tul)cs. Th,is at
high tcxnperature, fcrmionic clfiral charge can (lisappcar iut,o Chcrn-Simons mica-
bcr. As the systc_n is cooled below a critical teml)crat,u'c, the scalar field (levelol)S
au CXl)cctatiotx value. At this point, one will in general produce a tn(ztastal_le
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state of linked flux tubes. Tile linking nund)er of tll_'se flux tubes Ixmst eq_tn,l tile
itlitinl cllirrd clmrgc minus tile net cltiral cllnrge of rely tnnsshzss fertlli()tls t,laat_nt'o
present, Evelltttrdly, these flux tubes get, unlinked, rtnd shrink rtwny, rcct'c.atillg
mnssless clfirrtl fermions. Eventually, ali the cllirnl clmrge is cnrried by fertni()tls,
nnd tile finn,l fermioll cllirrdity la eqtml to tile initinl cl'lir_iit,y,

This tdleory was studied rts a toy model for baryon nlttnber viol_tt,ic_tl_tt ltiglt
teml_erature in tile sta,ndard model. The result, s are very itlt,eresting, l)_tt nrc tl(_t
relcvnld, to tile stat_(lrtr_l model beca_tse Cllern-Sitnt_lls lntt_d)(:r (:nntlot, 1)e writ,l,en

in a ga.ttge itwa.rirud, forth in a tlon-Al_clia.n gnttgc t,llcory. Ilowcw_,r, t.llc rcsltlts _1o
show that there is no general cotmcct, ion l)ct,wcc,n tltt<;tunt,ions in Cllcrn-Sill_ons
lmmber at, ltigh telnl)erature , aud tl_e relaxation rrtte of cl_iral charge, 1)ec,utse i_t
QED, QG'S |lucturtl;es rtl_ lligh texnl)ern.l, ure , ])ut Lile cl_irnl c'_]lm'ge does x_<,Lrolnx t,o
Zel'O.
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C. THE HEAVY HIGGS/TOP PROBLEM

III t,llis part, llimi)erturlm.tivc rcsult,s arc rrl)ortcd cozlccrnixlg flle l)llysi(:s (_L"

tile heavy lliggs imrticlc n.lld tlm lleavy t,Ol)_l_lfirk. In slll)s(:cti(m C1, rc.s_llt,s ()I1t.lle
tri vialit,y nim.lysis of tile ll(_'avyIliggs nl_lss boulld n.re rcl)()rt,cd l)y J_lls_'ll n11clI(_lt.i
wit,li l)n.rticular elnl)lmsis on t,he nl)l_licatic)n of finite size scnlillg tllc(_ry ix, large
scale simulations, Iii sllbsccticm C2, t,he l)lmsc (liagrnm and the t,v'ivinlit,y _ll)l)('r
bound for the t,ot) q_la,rk arc discuss(:(l l)y ,lnnscn. Tllc C(luivalcll('c ()t"t,ll(' ll('_wy
_,o1)(pl_'k condcnsat, c and au clcl,lCllt,nry Higgs field [u'c rcl)ort,c(t l)y ,TnllscI_,I(_t.i,
nn(l Shca in subscctio_ C3. Tl_c fnt,c of the heavy t,ol) q_nrk vnc_un i_st.nl)ilit.y i_

a IIiggs-Yukawa _x_o(l(,_lin (lcscril_(;d 1)y K_t.i n_(l Sl_cn i_ s_l)sc:('ti(_ C4,

1. TIIE IIEAVY IIIGGS MASS BOUND

(Karl ,la1_scn a,_d ,l_li_s I(ut,i)

One (,f the _x_c,sto,_tstnncling, _(c(,ss(.ss ' ' ' of recent _o_-l_crt_rbnt, ivc l_t.t,i('e
i_vcsi, ignl,ic)ns is ¢,1_0dctcrmina{,ion (}fnn Ul}l)cr l}o,_nd on tlm l_cavy Ilia;gs _x_nss(l,_c.
to the trivialit, y of _hc 0(4) limit of t,l_cSU(2) ITiggs s('ctor in the _ni_i_x_dst,a_ci_r(l
n_o(lcl. En.flier Janscn and Kuti with collaborators obt,ainccl (Icfinii,ivc rcs_ll, s ()_

the heavy Higgs mass boo,nel in very large scale coml)u_,cr si_mfln.l,ions wl_i(:l_w('r('_
co_nbi_xcd with a detailed thcorcticn.1 nnnlysis. A_ _l)l)cr Iliggs mass I)()_(1 ()f 64()
GeV was fo_nd wlm_ ¢,lmn_on_ent_n c_lt-c)ft"witl_ latt, icc rc'g_larizat, i()_ w;_sl()w_;r(,(l
t,o 4 TcV. Further lowcri_g of tl_c _on_cnt, u_n cut-off wo_ld int,rod_wc s_l)st, n._t,inl
c_t-()ff cll'ccl,s in l)l_ysicnl aml)litudcs n_(l t,l_ct)rccli(:t,ivc l_owcr of t_l_ct,l_('c_ryw(_l(l
bc If)st.

The _hcorcticnl int,crprct, atio_ of fi,it, c size cit'cots in t,l_c si_m_lnt.i_)nr(:s,_lt,._
l,la.ycd a.n iml)()rl;ant role i_ the ac('uratc (letrr_ninatio_ (,f the hravy Ilig,g,_ _ss
l)o_m(l. Tiffs year Jansen _nd I(uti ('(,nt,in_ccl tlm invcst, ignt,ion of sc)_(: i_x_l)()rt,_t
t,l_corct,ica.l and practical isssucs conc('rning the finite size scaling n_mlysis (,f t,l_c

O(4) Higgs model which in clifl_ctflt in l,l_etiiggs l)l_asc for two rcns(_s. First,, tl_(',
O(4) symmetry is strictly Sl)caking _()_1)token in t,hc finite box and a (h',t,nilcd l)l_ys-
iea.1l)icturc is desirable to cxt)la.in tlm symmct, ry brca.kii_g _ncchanisn_ in t,lm i_fi_fit,c
volu_xm limit. Sccon(I, theories with Sl)Ont,n_co_sly 1)token conti_()_s sy_H_ct, ri(:s
l_n.vcGoldstone bosons wlfich a.rc _nnsslcss cxc'il,a t,ions wit,h very Sl)ccinl fi_xit,c sizr
effects. The nmsslcss Golclst,o_m particles arc ,_lso known to 1)c t,l_cs()_rcc of scvcrc
infrared singularities in the Iiiggs propagator and ol_hcr correlation function,s at,
zero lnOlncntuvn when the infinite vohunc limit is taken.

Finite size scaling tlmory wlfich att,cn_l)_S to deal with t,lmsc l)rol)lc_ns l_ns

a long history. A few!years ago Fiscl_cr and Priwunn used the large N cxl)nnsi()_
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The/_-fuuction of the Higgs coupling constnut ,\ aud other ret_ormalization group
qllnntities d(q)end e×plicitly on the effective Higgs mass 71_(K:)in t,his schetIle, Kuti
nnd Liu sllowed that in tlm I) _ 0 infrared litnit of tlm tIiggs l)rOl)_lgat()r nxl(I
otlmr Greta's ftmctions with lIiggs fields, t]m Iliggs I)article is fr()z.ell ()1lt allcl
the dylmluics is dominated by the Goldstone nit)des. For exnlllple, tilt cc,lnI)lct,e
B-function in tlm general O(N) case is given to one-loop ()rder l)y

= + fJ
witlt i(h'lltical result for 7))_ which (lescrib('_s tlm runIling nlass. Tilts is cxl)(,.cte(l,
because tlm ratio ,1_2(a)/<\(a)is keI)t g-i_(lct)endent in t.l_e s(,lie_xw us(_d. It_ tl_(;
small IIiggs nmss litnit the fl-functi(.)t_ is l)rOl)ortiotml to N +8 whi(:h in (,lmstai_(lar<l
result i_ a mass i_t(lependcnt scheme. For large lIiggs masses (i.e. i_t tlm i_ffrare(1)
the c_rly I)racket is prc)i)orti()nal to N - 1 whicl_ in tlm (:o_t,ril)_ttiolt (,f G()l(lst,_)_w.
l)articles t() tlm dynamics.

The exact i_ffrarcd behavior is calc_la.l)le and under cOral)lcre I'(G c()ntrol,
Tlm results _sing the oae-loop i'orm for RG q_m_ttitics agree witlt one cl_ira.l loop i_
tlm alq)roach of Gasser and Leutwyler, which slmuld 1)c n() surl)rise to workers i_
chiral pcrt_u'bation tlmory. Howcvcr, c()_ni)aris()n of tlm tw(_ nl)l)ro_(!l_cs b(.'co_ws
t,a_ttalizit_g beyond o_m-loop. For cxan_l)le, ut_Icss tlm Goldstone contril)_ttio_ t,(,l.l_c

! ft-function at two-loop order and beyo_(l is zet'(), tlm Iicl(t theoretic al)I,r_acl_ lea(ls
to In In p ter_s and lfigher powers of In y in colorfast to tlm chiral al)l)ro,_ch wlficl_
is organized in powers of p2. Kuti and Liu cot_timm work in this (lircctio_. Tlmy
ha.rc j_tst co_l)lctcd the two-h)ol) cah:_lati()n it_ tile large Iliggs _nass li_fit, aI_(l a
l)ul)lication is in prcl)aration witl_ further (lisc_ssions. Tlm l)rol)lc_n is i_t.crest, i_g
for sevcrM iss_tes in addition to fi_fit.esize scali_g tlwory.

Chiral Perturbation Theory and Finite Size Scaling. As nmnt,io_md (,nrlier, Gasser
a_(l Lcl|twylcr suggested that finite size etl'cots co_ning fron| Gol(Istotm, 1)os()_s (:,_i_
I)e dcscril)cd l)y chiral perturl)ation theory. A low energy cffcctive lngt'a_)gi)_,
wlticl_ i_t lowest or(lcr is the non-li_mar a-rho(Icl, cm_/)e used for a systematic ¢_x-
l)a_sion ()f correlation futmtion in l)OWerS()f the mo_tmnt,uln in nn il_fi_it.e v(,l_ne.
Fitfitc voltmm lattice correlation fut_ctions at zet'()nio_netitttm nrc CXl)ntt(l(:(ltit l)OW-
ors of 1/L d-2 where L is the linear size of the bttticc. The finite size 1)eh_tviour (_t"
several observables were calculated, such ns tlm Goldstone boson corrclatio_l tlm('-
t,ion nt_(t the dependence of the field cxt)cctation valttc on small external sour('es.
Tlm fttllctio_lal form of the theoretical I)rcdictio_ involves, in lowest order cltiral
1)crturbation tlmory, only two low energy constant, s, namely the riehl cxt)ccta.ti()n

value 2E mid the rcnormalizcd field cxt)cctation VnJttC' or pion (lecay co_stattt F.
Botli qtmntitics arc (lcfincd in the infinite vohunc limit. They coul(1 bc dcter_xfincd
successfully iu mtmerical computatious from the finite size behaviour of suital)lc
observables using the chiral i)crturl)ation CXl)ansion.

One surprising outcome of chiral perturbation theory is tlm t not ()til), can
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the finite size behaviour of the C;ohlstoi_e modes be enh:ltlate_l, t_l_t so n!so call tile.

l_eltaviour of the ma._sive a-pa,rt, icle. ,ln nsell alld cc_llalmrat, ors c_nlfrcnltcd tlm lU'e-

dictioIls of chiral perturbation theory for the longitlulinnl nlodes witll very l_recise

inlmerien,l drttr_ obtn,ined with the so-called cluster nlgi_ritll111, They cn,Italia,ted tile

pseudo susceptibility, attributed to tlle lo_lgitlulinn.l znodes i,l the O(4) ,,64t,lwory.

To describe the pse_tdo suscet_tibility in cllir,xl pertln'b,ation theory, _)11eIms t,o go

to the next to leading order in the chiral low energy lagrangian, v,,lticll inwflves

new low energy consta.nts in addition to Z] a,nd F. The constailt AB cnrs:rs tlle

[ornmla for _,he pseudo susceptibility . 'rl is para.llmter deternfines t,lle h_gnrit, llxnie

dependence of Y;,on an external source j in itlfilfite volume. TIle next to lra_iitlg;

order computation in chiral pertllrl_ation tltrory inw_lves ternls of in'dm" 1_4, wlwre

1; is tlm ntonmntum, and o11 a finite lattice inwflves ter_11s of order 1/I; 4.

Using renormalized perturb,ation theory aa_sen, m_l collabora_._rs sltowr_l

t,l_at the low energy constant A_ cn._ l>e relnt_,d to the pllysicnl c_-nlass via tl_e

ret_ormalized q_tn.rtie coupling. Wit, l_ tlte ktl_wle_Ige of AE one can cah:ul_te tlle

cr-nmss. As Ag is defined in infittite vohm_e a,lso ol_tn.ins the infi_ite vol_ttne a-

xnass. Usi_g la_,tices froxn 44 to 181, an.risen and collalmrat_n's co,_l_l extrn('t A_

nnd therefin'e'_cr with good precisi_m in a. tlteoretic_lly well c_t_trolle_l way. Tlwy

also i_nproved tlle a.nn.lysis of tlte piot_ decn.y const, n1_t F. This r_nl_lc_l tlwm t_

give l_recise vahms of the rmmrxnn.lized (ltta.rtic co_ll_ling; in it_fiilite w,l_1_w. These

values were compared to tl_e work of L/ischer aral 'v\q:isz an_l very good _grrelne_t
was found, lt even turned o_tt that the nunmrical data l)ea.t, tl_e er_'_r l)nrs of

the rmalytierd ca.lculation of Liischer and Weisz, at least i11 the co_pli_g c_nmtat_t

rrgilne ,lansen a_d collaborators ltave i_vestign.ted. In stu_lt_ary, t,l_e recent work
,,f a,xnse,_ and collaborators is a nice co1_rma, ti_m of their 63{) GeV vn.l_m ol_tai_ed

earlier for tl_e upper bo,_nd on the Higgs b,,son ma.ss.

' The l_ln.ns of One,sen and I(_ti fi_r next, year i_u:l_de t.l_e invest, ignt.i_,11_,f tlm

effects of lr,he regularizat, ion scheme and higlxer dimcnsionn.1 operators o_t tlw. lliggs

_nass Imund. A project, with Iton-la.t, tice reg_llnrizn.t.i_ is i)la_m(.'(i, n tt(l t,lte role of

dimension six operators will be inv('stiga, ted. ('()ing bey(rod tlm 0(,1) nl)t)r()xil_,"t-

rien, a new effort will be made to determine tlm Iiiggs bo_,,ml in tl_e I)rrse_ce ()[ a

hen.vy top quark.
_

2. TIlE HEAVY TOP QUARK BOUND

(I{ arl ,]arisen)

i One of the m,'xin points of interest in the resen.rclt work _)f ,Ia_lsm_ is the

nonperturbative lattice study of the electrowenk interactions. After tlw w,ry sllt::-
cessful determination of an upper bound for the Higgs boson mnss in t,l_e lntre

sea!:',.," _4 t!:e,ory, it is -_',.:__im_pn,'tnnl', qtmstion to calculate the el[ect of f(,rmions

.J on this hotrod, or to obtain nn _l_per hotrod for the mass of the t,op q_mrk. A
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more general question for qumltum riehl theory is whctlter the coupled syst_ll of
fermions and scalar fields may cxibit a non-trivial fixcd point, in ad¢lition to tllc

[,rivial Gaussian fixed point.

Tile study of these questiotls was illitiated ca.rlier in q_tenched sitIl_da[,iotm

of a chiral invariant scalar fertnion Yttkawa model with SU(2)® SU(2) syllltIlet, ry.

The friedel was mtgges[,ed l_y Stair and Swift, _s a lattice rogldarizcd versicm ¢_f
the Standard Ivlodel. The Stair-Swift model has been studied in tile litnit where

[,lie gattge fiehls are neglected ([,lie gauge cmlplings are slnaJl and they are treate_l

i_erturba[,ively). The xnodel lin.s iii addition to [,lte on-site Yukawa COtlplilig between

t the sca.Inr mid fermion fields, a Wilson couplitig of a second derivat.ive t.ype, velficll
in sitnilar [,o a Wilson t.erln but Inaintnins n_.anifest, ly [,lie chiral itveariatice, l_y

including [,lte tliggs fields ill the coupling. The l)liase diagraln of t,tle n:,__,lel was

found alltl [,lie specLrunl was calcttlated, lt was sh_,wn that by cht,_mitlg tlm Wils_ti

cottpling iv to lm _v _ 0.5, [,lm dmtl_ler feriniotls can l_e relnove_[ froln [,lte, Sl_ectrlltll

while keel,ing [,lie mass of [,lie physicn.l fernli,,ii SIllnll. In spite of tills stlccess, t,lle
relati_nl c_f tlm ccmtixltl,ttll littfit of the Strait-Swift lll_,_lel at fittit.e \'Vils_,ti c_,ttl_littg;

to [,lie Stan_lnrd Me,Icl is still a.lt opml question.

Recetltly ,Ianseu.and collalmrators COld,ituu,_l Lifts work I_y m_ titl_lttelldm_i

large scale ntmlerical conlpu[,atiolt for [,lte plmse dingrni_l of tile Sniit,-Swift llm_h'l.

These cotnlmtations were accomlmnied ])y a. llleall field ca lcttlatiOli wlficli gave

importalit lfin[,s al)Otlt [,lie struc[,tue of [,lte phase diagram. They fo_itt_l [,lt,d, tlw

phase diagram lias a surprisingly complex strtlCttlre and shows tile [ollowitlg five

dif[el'eltt l_lia.ses:

Ferromagn, e_ic phase: Here [,lie sylnllietry is ln'oken alld tile riehl expecta.tiott val_te
assumes a non-zero value. This phase corresponds to the spontaneously 1)roken

, plmse of [,lie Standard Model. The spectrum contait_s a a-particle (the lliggs

g' Imson if gauge fields are included) massive fermions arid massless Gohlst_nm_ _ _ -
- titles"= par= .

i Weak aymmctric pha.._e: tlere [,lit. field ext)ectati()n vallle as well ,ts tlm f(,rllli_,n
mass are zero. The t_l_n.se [,ransition line sepnra[,ing tlte ferronmgnetic from this

_| sylnmetric phase is of second order and here [,lie con[,i_l_uttn limit relevallt for t,l_e

Sta.ndard Model has to be performed at this line.

Stron.q symmetric ph,a.ae: tlere the riehl expectati_m valtte is zero but t.l_e fl'rnii<nm

are fotind to be massive. ",'lie strong sylmnetric phase tnigll[, lmve SOtlm relevance

for [,lie colmtruction of asymptotically ft'ce chiral invariant gmtge [,he_n'ies on tile
lattice,

An_iferrom, agne_ic phaae: tlere the riehl ,_xpectation vahte is zero but tlm staggere_l

field expectation value is found to be nonzero.

Ferrimagnetic phaae: Here [,lie feld expecta.[,iolt va.lue as well as [,lie staggered field
expectation value are both nonzero.

Although tile determination of the t_hase dial:rain can not _ive irnnlediate
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answers to the above mentioned questions, it iv a necessary prerequisite iii tile
understanding mad further investigatioil of the Stair-Swift model. It, sluntld be
tnentioned that in spite of tlm richness of tile pllase diagram, only a stnall l_art
of it is relevant for tile Standard Model, nanmly tlm phase transiti(nls Selmrat-

ing the ferromagnetic from tlm symmetric phases. The physical relevnalce of tile
a.tltiferromagnetic and the ferrinmgtmtic i,lm.ses in unclear.

Jansen and collaborators a.lso at_Clnl)ted to obtain a.n upper ",,ouxld etl tlm

top quark mass iii a similar wa.y, as it coul_l be done very sttccossfully fiw the
t

, Iliggs bO8Oll. Neglecting the gmtge fields, the ltl)I)er bolttl_l was esl,itlxnt_'d itr a
SU(2)®SU(2) fermion lliggs Inodel oil tile lattice followillg the Slnit-S,,vift prol_osal
for a lattice regularized version of the Stamlard Model. After the exploration of tlm

|I pliase diagram of this model (see also al)otec),.!a.nsetl and collal_orators c_mcentrate_[!l

Oil.tile pliase traxtsition line Selmratillg the ferromagnetic from tlm we,lk sytl.ulietricplmse, whicll iv tlm t'elevant phase transitioti for tlm Statl_lard Moclel.

II1 They fotlnd strong indications tlln.t tlm wllole pllase tra.nsiticnl litle l_el_nlgs
to tlm utliversn.lity class of the Standard Model (tlm (;a,llssialt fixed l_Cfitlt)mid lu_
new fixed p_fint appeared as was spectilated ill the literatttre earlier. Tlm' lllcntl

riehl scaling laws for the field expecta.tiotl value arid tlie fet'tl_ion nmss were _lerive_l
and fimnd to be consistent witl_ tlm _nltnerical data. Tlm _nent_ fiel_l exp_ntettt.s

agree with analytical predictions. Tlm wave functi,ni renor_mlization cotistatit was
determined from the low momentum l_ellaviour of the Goldstone pr_Imgat_w atltl
therefore the renornmlized Yukawa coupli_lg was also deterntit_ed.

A unitarity bound was cn lc_tlatcd for tlm model _mder it_w.,st.iga,tiot_ fi'_n_
tlm ,1 = 0 partial wave a.nq_litttde in tlm tree al_proxiulation wllich, g;ivos a. valtte
for tile unitarity boultd of tlm re,u_rttmlize_l Y_tkawa coltl)lillg _f I'Otlgldy0.63. Tlw
renorlnalized Yukawa cottplillg was also calculated nulnerically at various rallies
of tlm bare couplings, lt was possible to show that tlm renor_nalized Yttkawa

COul)lings fall on a common mtrve n.tld follow tlm pertttrimtive 1-1(U_l)fl futtctit)tl.
Tltis in an additional hint tltat it is o,_ly tlw Gaussian fixed poitit wliicli g_)w,r_s

tlm pliase transition line. The resttlts for tlm tit_tn('.rical data oa.ii be sttttl_liarizo_l
as follows. Tlm renormalized Yukawa cottplitlg is boun(le(l [rcml al)(_ve wit,h a valtte

,,,az _ 0.8(3) which witliin the error l)ars, is collsiStelltof tlm ttpper bound of Vl_: -
witll tile unitarity bound.

Jansen and collaborators also showed float in tlm scalit_g region, tlm ratio of
tlm doubler masses to _he renortnalized field expectatiot_ value cn.ii _u_t l_e made

bigger than 1. Tiffs itnplies that tile doublers rmna,ii_ in tlle pl_ysical Slmcl.r_un it_
the COlltillt1111IIlimit of tile model. Tlmrefore the C()llt,illltlllIl litnit 1)etfo"tlled a.t

the phase boundary between tile ferromagnetic and tlm weak symmetric l_liase will

!• not lead to the Standard Ivlodel.
_t However, it was demonstrated earlier tlmt at a finite Wilson coupling (w =

I 0.5) it is possible to remove the doublers from the physical spectruti_ if one ap-
:!
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proaclles tlle continttunl limit. The opctl q_tes)`icm is wlletl_cr tlle coneiIllt_l,_l litnie

a)` tiffs poiilt will give the S)`andn.rd M¢)(lel. Wlle)`ller tile Slni)`-Swif)` tIlodel is )`lle

com'ect description of the Sta,ndard Model on ),he lattice will depend ell tile rulswer

to thls q_testion. Work ill )`his direc)`iotl will be ml illlportaIfl, Imrt, _)[' I,lle researcll

l)rogrmn of Jansen in t,he filttlre.

3. TIIE IIEAVY TOP QUAHK CONDENSATE

(Karl ,Jansen, Julius Ktl)`i, mid Yue Shell)

Tile experinlellt, al lower boltnd on )`lm )`¢)I)qtia.rk mass is C)(IO0 GEV), il11-

plying t_ relatively strong top qlia.rk-IIiggs Yukn.wa COul)lin _, Accor_lingly, )`lie

top qtm, rk nli'ght l)[ay a direct role ill tlm synulie)`ry breakiIlg tnechatlistn of tile

Statidn, rd Ivlodel as discussed iii several recent works. Iii tlle scetmri() sugges)`e(l

1)y Natnl_)tl, mid sigtiificmi)`ly st, rengtl_eiie¢l by a (lcta.ile(l field tll("()t'ct, i¢" atialysis

()f Bardeen, Ilill and Lin(lner, tlie sylllllle)`ry is i)roken"(lynmnica.lly" tlir()ttgh )`lie

fortlla)`ioti t)f a top (ltta.rk co_ldelisa.te iii ana.logy with )`lie BCS, (.)r Nm_ll)tt..-,l¢)tia-

Lasinio (N,IL) lllecha.tliSlll. No "fltll(lallletlta.l" Higgs scalar is intro_lucc(l. At, low

eliergies the S)`a.n(.la.r(l Model clllergos "wit,li s¢)Ille cons)`raitits Ica(litlg )`() llollt.rivial

predictions. Mos)` not, a.l)ly, )`lie tlln.Ss of ),lie Higgs boson ( a "COllll)()site" l)m')`i(:le ill

tllis schellle) is rein, ted to the )`oi) qtla.rk iilaS,q which is of )`lie order of ),lie vIicltIllll

expectation va.lue (vev) of )`lle condetlsa.te.

The hl a ill idea of Nm_d)u, mid Bn r¢leen et hl. w_s itlvestigate(l l)y .Imlsen,

I(ttti, n.nd Shen, ill collaboration witll Amla att<l Peter IInsctlfratz. A siII_I)lified

for:_lttlation was chosen wliere _lo gm_ge fields are present mid otlly tl_e tel> q_tark

is considered. The corresl)onding low etiergy friedel lias U(1) cliiral Sylllttlctry

rel)lacing the SU(2) grott I) of tlm start(lard i_lo(iel, a tld tile t_)1) ¢ltta.rk ()cctlrs iii Pie

species which is labeled as color, for sitnl)licity. None of tlm 1)asic con('ltisiotis are

expec)`ed t,o climlge, if gmige fields are inclttded t)ert, urbat, ively,

Altlmttgh the s)`atltlnrd N.lL-lngrm_giml is tile sitnl)les)` nm)`lieitmticnl real-

izat, ion of the top condensate idea in tile fort_nlla.Lion of Naml)u atid IJardeen e)`

al., ()lie has no l)]lysical reasoll to ignore o)`lier local terlns iii tlm lagratigim_. Tllese

terIlls sliould respect the syllltne)`ries all(l, iii addition, tile corresl)Oli(litlg l()w ett-

ergy tlleory sliould be ill )`lie tttiiversality class of )`lie sitnl)lificd StaIidnrd N'Io¢lol.

Tlwre a.re no other a priori colist;,'n.ints on tlm higher dimcnsiotinl opera, t_)rs wliose

rela)`ive strength will be deterlntned by )`he unknown new l)hysics a,t )`lie cti)`-()ff

scale. Tlmir couplings alid ctigincerilig di_iieilsion can l)e n.rl)itrary an(l slio_tl<l

Ilot be treated as snlall l)ertttrba.)`iolis wi)`h respect to )`lie origilial N,IL ixltera.c)`ion

)`erln. IIi fa.c)`, ,la.nseli et al. ¢lenionstra.ted ill dcta.ii that by a(lding tw() silnl)le local

terlilS (erie with dinlension six mid Olle with ([inlension eight) to )`lie NJL-model

one recovers tile physics of tile fitll, _lt).constrained simplified S)`a.t),dard Model. The

siml)le , explicit nh"tpping between the parameters of the generalized NJL-nlodel

[Hid those of tlle simplified sta.nda.rd mo(Icl with U'(1) chiral sytnnle)`ry were dis-
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cussed in tile published work. At; i)hysic[ll scales, tile generalized N,IL-lno(l(_'l is tlle
Standard Ivlodel in disguise.

Although tile ftu'ge Nc limit was llse(l in tile analytic cnlculatioll (_fJn,nsen ct
al. to show tllat the generalized Natnblt- Jonn,-Lnsillio tno(lel with chirnl iilvavi_tlt
ft)ttr-fermion itltcractions is collll)lctely e_lttivnletlt t() a retl(,rt!mlizn,l_le fi_'l(l tll('()t'y
with interacting scalars and fermions, the result is exl)cctcd to relnnill valid at titlite
No. Tlic e(luivale|lce is valid ill tilt COllt,illlttttll regi(_ll close to tile criticnl sttrf_ce
in the t)aramcter st)acc of the barc lngranginn. Tllis t'esttlt is somcwl_at ng,_itist
naive iutltition, wlfich would stlggcst that the NJL-tnodcl is a llOXl-venot'tualizal_lc
field tllcory with potential problems if erie wnllts to take tlle contimt_tlli lit_lit. Iri
fnct, tlm c(mtixitttttn limit of the generalized NJL-modcl ns its critical sttt'face is
al)l)roaclie(l describes the ttiggs-tot) (lt|ark sector of the sth tr(lard m(_(lcl at nt_y
l)liysical _tiotne_tttm well below the cut-ofF. To recover tlic thre(: i|_(h:l)('n(let|t
1)anu|letcrs of tltc Iliggs-to I) (lttnrk set:t.()r it_ tlm st._t_(lnt'(l a_o(l('l (Iliggs _ns._,
vcv, top (luark Innss), OliC h;ls t() it_tro(lucc ni. l('_nst two n(l(lit.i()_n.I t(,r_s it_ tl_;
lngra_ginu of tl_c Na_l)_r-Jona-LnsiHio form_lat.i(,n.

Tlm co_ch_sions arc not co_nl)Ictely uUCXl)e(_te(l. IH a rr('r_t, l)_al)rr, S_z_ki

c()_si(lered a Sl)celtic modification of tl_c NJL-_n()(lel nx_(lf()_d float tl_('_l)l_ysicnl
l)_edictio_s arc sensitive to this clmnge. It sho_d(l 1)e (_ml)l_asize(l tl_t tl_e co|_ch_-
sions of Ja_sen ct al. is not simply that the t)redictiox|s c,'an 1)c clm_g(:d (wl_icl_
leaves the door oi)en for discussions on l_ow l,q,rgc tl_ese cl_n.nges can 1)e), 1)_t _t
is clearing,st,rated that the two ret)resentati()|m c_ I)c n_a(le co_l)l(.'trly (:(luivn.le|_t.
Specifically fl)r a given cut-off" A (the thresl_ol(l ()f _(:w I)hysics), a_y _ !I/_t rat,i()
which can l_c oI)t_aincd in the Standard Mo(Icl will 1,e Vrl)ro(h_ced 1)y thr _,_'v_lize_l
N,lL-_|_o(lcl. Sin('c, Ul) t,o a u_al)l)ing of the t)_ra_('ters, tl_e g('_evaliz_.'d NJL-_()(h'l
giv('s the s_,,_e Grce_'s functions as tlm Sta._i(la_d lk'lo(l(_l,,qs a ti(,l(l tl_(;()ry it, l_:_s
the same legit,imacy concerning u_fita.rity and otl_er 1)asic t)_'ot)erties.

The (lisc_ssion above i_(licatcs that it wo_d(i l_e (lilllc_lt to _ak(' a I,l_ysi(','al
(listi_cti()_ 1)ctwccn a "fundamental" or "composite" sc_dar in tl_is scheme. It is
easy to find cxa.mplcs showing that in tlcld theory a distinction 1)etwe('u f_(la-

mcuta.l a.n(l co_npositc might bc problematic. For cxaml)le, in tl_c d = 2 _n_ssivc
Thirring-mo(Icl tl_e fermion is "fumln, me_tal", wl_ilc tlm s(',ql,ql"fcr_fi(,_-_tifrr_i(,_
l)()t|_(l state is "co_nl)ositc". The _no(lrl is eq_i_.'ale|_t to tl_c si|_c-G()_(l(,_ _no(lel,
wh_re the same scalar would be co_sicle_'c(l f_m(la._(,_ta.l while tire frvi_|ioH is a

soliton, tl_ereforc co_nposite.

I_ their work Jansen ct ai.conclude as f()ll(_ws. The _.ttvact,ivc idea. to rel)l;_ce

the tIiggs sector which is based on an elementary scalar ficl(l witl_ a. fo_r-fenuio_
intcra(:tio|_ nn(l its top quark condensate can 1)c iml)lcmentcd in tlm large Nc li_it
in a well-define(1 way. There is agreement with N,a._l)u au(l Bardeen ct ,'al. ()n this
point. IIowevcr, Jansen ct al. also find tlmt the mm_l)er of i|_(lcl)cndent l)ar;unetcrs
in the gcHcral NJL framework is identical to that of the miuin_al stand_trd _no(lel.
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Tlm "compositeness" of the Itiggs particle does not lead to any _ts(_,fulmass relation

with respect to the top quark. Also, tlm valtm of the top quark mass is in(lel,extdcnt

of the value of the top quark condexlsate. Tlm presenece of tlte new t,ernls destroys

tlm predictive power of tlm NJL framework. The new forxntdatioxl of Nmnlnt mid

[ Bardeen ct, bl., however, will serve as an interesting riehl tlleor('tic (,xmxq)le iii
I future efforts to eliminate the elementary scalar sector of the sta.|tdar,l nt(.lel.I
l

] 4. TIlE IIEAVY TOP QUARK VACUUM INSTABILITY

(,lulius Kuti mul Yue Shen)

In renorlnalized perturbatio,1 tlmory the 1-hump top q_tark cotttributi_ll to

tlm effective lmtelltial of the Higgs riehl 4_llas a negative sign and is prolmrtional in

tilngnitude to y4 q_4Iii _bwlmre y designates the Yukawa coupling. The fermion loop

cotltributiolt for large top qtmrk Ix\asses cc,ttld overwl|elxn f,lte l,ositive Iliggs field

cotd, ribution which is proportioiln.l I;o ,\2q5'1litq5 (,\ desiglmtes tlm tliggs cottplit,g

constant). The suggested vacutml instalfility llmclmnmm, wllicll was first protu_sc_l

i_y Krive and Linde, is not necessarily a stl'_nlg Ytxkuwa collI_littg l_lmnot|mt|_m.

As hnlg n.s V2/A is large enottgll, tlm Iliggs vacttltm couhl lu;c_,Ille ,txtst.al_le _'vex_

at s_na.ll V vn,lues. To co_ltrol tlm large lnq5 factors, tlm RG i_l_t'{wed eft'ectiw_"

lmtetitial was t,sed in later work wit,lt si_nilnr coticlusions.

This picture Ims a very iix|imrtnl|t practical conseq_m_lce, lt l-'ovides a

lower lmtmd for the tliggs mass as a function of tlm top qtmrk nmss. Ilnsed on tlm

currmxt I)ound on tile top qttnrk mass at 90 GeV froth tlm Fet'nxilat_ colli_ler dn,t,a,

one wollhl In'edict tlmt the tliggs particle has to be Imavier titan nl_ln'oxitnately

100 GeV t,o awfid the top quark indtxcod "¢n,ctttttxi instal_ilit, y.

l';_xti a,l_d Siren tltis year extende_l tlmir earlier la.t,tice i,westigati¢,tt,_ _,f tl_e

v_ctttlx_ instalfility problem ill tile six_tplified systelll of a o|m-contl)OXwttt scalar fiel¢l

(Iliggs particle) coupled to tlm lieavy top quark l_y a Yttkawa Cmtl_ling. ILnrlter,

tlmy developed a sitmtlation teclnti(ltte to _leterx_tixxe tlm cotistra.i_t effective l_t,e_t -

tim in a nonlmrturbative fashion. In tlmir lattice studies It.Itri a.ttd Slte_l were t|tml_le

t,O filial arty sign of VaCUtIIXlinstability in the simple model of tlm one-comlm|lettt

sca,Inr tliggs field coupled to a staggered lattice fermion. Somewlmt surprisingly,

),l_e fen:rien induced vacuum instal)lilly was not seen even a.t slnall I)nre tliggs and

Yukawa couplings where the I1.G improved renormalized perturbative pictttre was

exlmcted to be reliable predicting the dowtitur_ of tlm effective Imtetttial for large

q5arid eventually falling below the eImrgy tninitattm of the stmxdard Itigg, s vacumn.

Kuti and Slmn found tile ma thentatical and pliysica.1 exl_la.tm.tion for tlm

absence of tlm vaclluln instability phcnonmnon ill the silt\pie Iiiggs-Y_tkawa sys-

telll. First, riley show that tile bare ttiggs COllpling AO CallllOt be chosexl negative,

otlmrwise tile fmmtionnl integral of tilt partition function would I_e ill-defined

(tlm fern|ion determinant for large q5values couhl never compensate tit{; run-away

exp(-,\0q54) term for k0 < 0). Now for a given pair of bare imrmneters ,\o,!1o
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anti a cut-off A, one has a pair of renornmlized cotq_lings A = A(A0, Yo,A/p),

Y - Y(,\O, yo,A/p), defined at some low ener_,y scale It. Tlm t'el,"d,io_ between l,he
bare told retmrmalized couplings is skel,ched in the figure

"-I.... v T i v r T'--r- _ _ I v _ _ v l ._ w w
TheHlggs coupling constant Is plotted /
In the l'Igure as a functlon of the 60 -- /

Yukawa coupling, The curves are / !-
solutions of therenormallzatlon i \
group equations for /"_'-

thetwocou, ,,ngconstants,The 40 -- i

straight dashed-dotted 11ne
corresponds to the special ratio of _L -

the Higgs to Yukawa coupling - / / "
squared representing a fixed point 20 " / ...."

of that combination of variables. _ _ _
Actual curves are smoother than - '

the depicted ones due to _ .
I

typographical limitations, 0 _ :_.L

0 2 4 6 8 10
?

Y

witll tlm flc_ws npl_toxilnn.t, ely givell l_y tlm R,G e_itl_tiOllS

d,\ 1 _{3A2 +8Ug._y, 2 _48N.fg41 ] ,IV'2 1-d--/- 16n 2 ' dt - 8n '2(3+2NI)td 4 ,

wlmre t = It_A/It, and initial condit, ions ,\0 = ,\(t = 0), V0 = g(t = ()) nr_: it_l,lie¢l;

N I desigtlates the luunber of fermion flaw)rs. Wit.li arrows itl¢licn,t.ixlg t.lw direcl.ic_tl
of increa.sixlg A/It values any two points on a flow litre, A a.ttd B fiw exmnl_le, dofiims

a relation imtween ,\0, Y0 (at A) a t_d A(,\0, Y0, t), y(A0, !/0, t) (n.t B) for a given valtte

of A/IL. Based on the RG tlows tlm Higgs-Yukawa lllodel exilfits triviality' fear ally

bare cO_tl_lit_gs ,\0,Y0, tlm renornmlize¢l CCml_li_gs ,\(_,),!/(t) vntxislt it_ tlm lit_it.

A/tz---+ cx_. Sta.t, ed dill'crcnl, ly, if wc fix ,\(t),y(t) at, sonm low energy scale t_, t,lw

ratio A/tt _utst remain finite so that tlm c_tt-off cnt_ not lm comi_let, ely ret_ove¢l.

Wit, l_ two different flow patterns separated in tlm figure by tlm lit_e ,\/y2 = 7.8

(N I = 8 is aptn'opriate in the sLnggered fi,r_nion simttla.t.i_ms), tlm largest A/it rat, i_
a.t fixc_l A(t) and y(t) will be reached either at, A0 _ co, or ,\0 _ 0, detw_tling

i _t_ wlficli side in clmsen in the flow pattern for t,lm low energy cottpli_gs. Tlm RG

flows of the figttre are reliable in the snmll cottpling const, nt_t regioti. At, st,ro_g

coul_ling, simulat, ions are consiste_t wit,h t,rivialit, y, a.lt,hottgl_ the lu'ecise fot'_ti of

tlm flows is no_ known.

I(uti and Shen then argue that, at weak cottpling, wit, h t,he condition ,\0 > 0

- mid tlm RG flow qualitatively given by tlm fig_tre, l,]_eell'ecl,ive Imt,etd.ial carl t_H,

iii turn (low_ward for increasing ¢ values at_tl tlm tliggs vac_ttt_l will nlways x'e_nnit_
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stable. At the ¢ scale where the effective potential tllrIls downward ill rcllorlnalize(l

pert_u'bation theory: the effective coupling ,_(t) becollms nega£ive: ill colltradictioll
with the ,\ > 0 condition on the R.G flows of _he fig_tre. K_lt,i and Siren I)erfi_rzIw,d
large scale simulations of tlm effc('tive I)Otent,ial in tile Iliggs-Yukawa Illod_,l at
szlmll barc couplings -\0 and Y0. Tlm sinllllatiim results are iii I)erfr,ct _lgreollmllt
with biu'e perturbatioxl tlmory wlmre tile effective potential is a nl_)llot(_llicnlly ill-
creasing function of ¢ beyoll(l tlw. origi_m,l vacu_un rxpect, ati(_ valine. Fi,r ¢/A << 1
the results tlmre also agree wit,l_ renor_alized perturbat.io_ tlmory pre(lict_i()i_s. I_
tlm region where ¢/A beconms O(1) the re_)r_nalized lficture will pro(l_wc a d(,w_-
turn, but cut-off effects destroy tl_e vaJidit,y of tl_is predicti(m. Tlw i_t)_)rt,_we
of triviality and the presence of an i_tri_sic c_t-off in the modrl iv oi)violas. The
absentee of the vacuum instability picturc was Mso confirn_ed 1)yKut.i m_(l SI_(;_i_

a,nnJytic large NI calculation witlx tlm same co_clusions as discussc(l nl)ow,.
lt is importax_t to emplmsize t,lmt a lower 1)o_mdfor tlm Higgs _ass at, fixed

fermion a_ass is derived from tlm ,\ > 0 co_(liti()n witll nn intri_sic cut-()It', so
that the vacuum instability lower l)o_tnd iv traded for a trivialit, y lower l)(),_t_(l. Ii,
remains a.n inr,cresting question t() s('e tlm d(ztails ()f t,l_cl)ict,ure a.t,str()_g Y_Ikawa

COul)ling it_ tlm light of re(:e_t _tnwt'ical cvid(:twe for trivi_lity i_ float regi()t_.
Also, tlm incl_si()t_ of tlm garage c()_l)li_lgs will l_ave a q_lit, ative _,It'_,(:t_)_ ti_e I'_G
tlows and tlm vacuUIll instal)ilit, y l)l_e_()t_e_t()_(:_ul(l rcnl)l)ear. Plans for t.l_ef_t_re
include tlm investigation of those q_wsti()ns.
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D. SELECTED LATTICE TOPICS

III tilts part, results on a varlety of nOn-l)erturl)ativc latticc illvcstigat, i()I_s
nrc rel_ortc(l. III s_il)scction D1, a detail('(1 stll(ly ()f tlm l)llnse (tiagrnlll ill lat,tice
IIiggs-Yukawa Inodels is discussed t)y Jansen, Kuti, n_l(l Shen. The l)rol)lcln of
tlavor almma.lies in lattice electroweak models is COIllmCllte(1()n l_y l\'I_tnollnr iii

sul)scctioli D2. II.csults (_xlthe IiHite size s(:a.ling _nalysis (,f tilt (:(,llstr_dl_tclt'(,(:t,ivc
it)otcntia.1 a.rc rcportc(l I)y Jansen and Siren in sui)scction D3. III Sill)Settle,li D4, _t

detailed ficl(l theoretic study of the rcsonnncc structure of tlm Lcc lIl()(l¢'lill rt fillitc
l)ox is described by I(ltt,i and Liu. First rcslllts on the frn ct,ni (tilnrilsi_)n of crit,ic_d
{'lusters in the ,I,_ xno(lel arc (liscllsse(1 1)y Jnilscn iii s_ll)st-ctioxl DS. A (h,t,nilc(l
,_,udy of Goldstone bosoxls at fillitc t,cnlt)crat._lr_'s is r('l)_,rtc_i l)y ,lallScll _(l Sl_'_l
iii/!subsccti()n D6. II,cs_lts on chest,ct nlg()rith_ns nn(l s('ali_g ill CP(3) _l(t CP(,i)

Inl)dcls _re l)rcsented i_ s_l_se(:t,i()_ D7 l)y ,ln_ls(:i_.

\
1./PIIASE DIAGRAM OF TIIE LATTICE IIIGGS-YUKAWA I_4OI) EI_

/

I!

(Knrl Jansen, ,l_,li_s K_,t,i, arid Yuc Shcn)

I_ tl_e last few years several groups have Inn(lc a co_lsi(le_'al)le(,.tI'()_'_,t(_ st,_(ly
tile Iiiggs-Yukawa _ii()(lel wllcre a sca l_r field wit,h O(N) sy_l_¢,t,t'y is c()_l)l_'(l t(_
fcr_fi()ns witl_ Y_kawa COul)li_gs. Tl_c mai_l go_d Ims l)cc_ t_) i_v(,s_.ig_t,cn()_l)_,r-
t_rl)ativc (l_cstions i_l tlm Sta.l_dn.r(l Model witl_ focus _)_ tl_e f()ll()wi_ l)()i_ts:

1. The l_ha,_c diagra,_,. A_m.lyt,ic _._(1 si_m_lat.i()n w()rk l_ns 1_:(,_ (l()_c f()r

n_o(lcls with Z(2), 0(2)and 0(4) sy_m_etries. Lee, Shigc_fit, s_ _! Sl_r()(:k
studied tlm Z(2) model at finite and infinite l)n.rc tIiggs cO_ll)li_gs (£). I_
_hc mo(icl with llYl)Crcul)ic Yukaw_t cottt)ling (Y), tl_cy fi_l(l fcr_'()_n,_gt_ct.ic

(FM), symmetric (SM), and atltifcrromnguctic (AFM)l)ltnses iii the st_ll _'"
region together with Fh,I, AFM, and fcrrimngltetic (F1) l)llnses in t.ltc l_rgc Y
region. With a local Yukawa cottI)litig, tltcy find FI_4, SYIvl n.il(lAFI_41)lmses
iii I)ot,li the small and large Y regions. Ali l)lmse transit, tori li_lcs were f()_ttl(!
to 1)c of second order. IIn.sc_lfra.t,z,Liu and Ncul_a_s i_lvcstignt,c(1 tlm _n()(lcl

with 0(2) symmetry witl_ l()c_d Yukawa couI)ling a_d in _he i_iiilite ba_'c
IIiggs cottt)ling limit. They ritad _ complex I)h_sc st.t'_tct_re. I_t ad(lit,i()n t()
tlm FM, SYM, AFM phases in t,llc stun.li a_ld large Y rcgio_ls, they ritad a FI
phase in tlm Y ,'-, 1.5 region. Also, in tllis region, t.ltey find si)octal points
where three phases coexist. It was suggested that a, nontrivi_d co_tim_ul_l
tl_cory might bc defined ()t_ these critical points. Book ct _d. l_,_vcstudio(1
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' {lie Slilit-Swift; Inodcl in tlm ill[illite barc lliggs COUlililig lilllif,. Tile lililit,

oi" VrUlishing Wilson COul)lillg (w = O) is tile Iliggs-Ytikawa liloilel wit, li

0(4) syinliletry ixnd local Ytikixwrt c<>llplilig, Their plinso dingraIn agreo.,_
(ptalitatively with the res(tits of Ilasclifrn.t,z ct a.l.

2. RG analy,_is. Tlm YI.G 1)elln.vior of the lr(trice Iliggs-Y_tkawa xn(_(M clc)se
to tlm FM-SYM I)hase transii, ion lilies, mid iii the nelghlmrliood (if SOllie

sl>edna llOillt, s wllere scverM dill'e.rent, llllase trnnsit, ioll lines lli<'{.,t,, is i)f gl't_ltt,

illt, eresf,. By llleastiring tile reliorlllalized lin.rnlnef, ers ns t,lie lil¢l_l(;l is (tilled

to tlm critical l)Oillt,, and COllll)IU'ili I Witll t,lle l>eliavior preclict,ed l_y t,lie

I_G cqu,'tt0iolis Ixroulld _ Ga.tlssin.n fixed l>Oiilt,, oi1o, cii.ii det,ei'lliilie wliet, lier

ii noifl, rivial COlliSilltllllI1 lililil_ Call be defilied lit SOlll0, special lll)iIlt, s iii t,lie

pliasc rliagraln.

3. Upper and lower ma,l,l bound<l. If t,he lattice tliggs-Y_lka.wa liiodel till'll,q

out to bc trivial, it will bc illt, erest, ilig t<>det.erlililie cllt,-off dellell<leilt lloilil¢l_

eli tlm renorInalized paranletcr SlmCC alid Llills derive ttpper or hlwer lmtilids

Oll tlm Iliggs IlIllSS iii t,lie l)I'Gqt"ll<.',t_()f feriilh)lis. Iii part, C, Sl.lille i'eSltlt, S were

reported oi1 t,lie upper lllrlS8 l)<llill¢l of ix lwltvy forlili<lli chlse t,¢l t,lle Flk,,I-

SYM l)liitse tl'il.llSit, i()ll lille. Tile h)wer lliggs lllllS,q l)<)ttil(1 at, fixe(l fel'llli()ll
iiiliSS wrl.s a,lso discusse<l there wit, llin tlm fraiiio.woi'k ()t" i.lic f(,i'liii()li vncliliili

ilistal)ility 1)rol)lein. Tile.re will i)e iii) flirt.lior <lisciis_i()li ()li lllllS.q 1)<)lilicls iii

tllis l)aa'f.

Pha._c Diagram at Finite and Vani,_.hing ,\

Recently, iii <_study on f,lie eq_liva.lence of tlm genera.llzed Nanlb_l-Jolia-

Lasinio inodel aiid the staildard inodel, ,lllll,_O.ll, I(ut, i, nn<l SlloI1, ill collalJorat, ioll

with Anila ixnd Peter IlaseIffratz, liavc cnh:ulai, ed the phase IlilalKrnill of tlm la.t,l.ice

IIiggs-Yukaw_ model witl_ U(1)(0(2))chirixl syt_tnetry it_ tlm lm'ge ]Vi (fermi,,t_

flixvor lltillll.)cr) linlit a.I; A = 0. Tliey fllid tlm llhase <liagr,"ull at ,\ = (} t,o l)e

very dif[ereiit froli1 tlm A = oo limit. III tile small ]t'" region, (lie FM, SYM, ixil(I

AFM l)liases m'e clearly identified, tlowever, tlm lihase t.ransiLi<)n line l)(_tween t,lie

SYM mid AFM phases is found to 1)e of til'st order. Iii tlm larlKe }" reKioll , ll_)t.li
(,lie FM-SYM and SYM-AFM trixnsitiOli lines are [Ollll<[ t,o 1)e <)[ soc()Ii(i <)i'(l(?i'.

For ilitcrinediate ]" va.hies no SYM t,liase ca.li lie idelitified alid t,lie FM lllinse is

sella.rated directly from the AFM pliixse. Als(), tiler is ilo PI i)lins(:. Tlm results

of ,Jansen, I(uti, and Shen brings ti t) tlm int, erestii,g qttest, ioli of how tile llhase

dingrain ix( X = 0 will merge, with incrensiilg X, iilt, o tr,he l>ul)lished l>iCtlire <if
earlier work ,at ,k = oo.

,|alisexi mid Slieli liavc extciided tile large N S calciilatioii, rolmrted iii tile

llrevious tmragral)h, tc) tlm small but finite ,\ region. Tlmy found the l_liase diagralii
I_obc qualitatively silnila.r to the ,\ - 0 case. Iii (lie slnnll ]'" regi<_li, (lie SYM-
AFM l>linse trixnsition line is of sccolid <,'der. IIowew, r, l>otli tlm FM-SYM alid
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SYM-AFM transition lines e11don _he first, order i)hase trmlsition line Sel)m'at,illg
tlm SYM ail¢l AFM pllases ill tile mnall t" regi()ll, mid tlm FM a.ll_l AFM pllascs ill
t_lmi|tt,ermediate Y"region, The whole FM-SYM transit, io|l llne in eXl)ectec[ tc) be
ill tlm dolt|ai|| of at_tra.ction of tlm Gattssia.|| fixed point al_zero IIiggs ax|¢lYllkawa

c.Oul)li||gs, No special second order critical poiltt was fo_ut(Iwltere olin ccmlcl¢lefine
a Imtltrivin.l colttinttU|ll t,heory, III tlm large l" region, t.ltere are sc.'c'()|lclorder FM-
SYM nIlcl SYM-AFM transition lilms, sinfilrtr to _Im,\ - 0 case. No FI pltase w)_s
foullcl 1)y Ja|lsen and Slmn wi_llin tlm regi(m of applical)ilit, y (ff tile,tr c_dc_tl|xti()||,
S_imll Y" and ,\ expansions trod ttmml-tiel(l ca.lculatiolls leacl to tl|e sa|xte co||sist, ent
picture. Tlm Iminei'icn.l silnulat, ions of da|tse|| a|td Shen for small ,\ val_tc;s_grt,_:

very well with tlm large N I c'alc_lation, not only for tlm locatiot| c)f tl_e l)l_as(:
trm|sitio|| lines, but also for the nmnerlca.1 val_tes of tlm global |_|ag||etizati()|| _nd
staggered |nag||etizat_ion. Evc_ up to ,\ = 1 (wl|iclt is a relatively srrc)lit c()_l)li_g;
co_tstant in tlm ,\q_4i_ter,actlo_ tenx_) tlm obserw?d l>lnase(liagr_ iv _l_;_lit,a ti','ely
u|M|m|ged. At large ,\ values (,\ = 10, c_), t,l|e tt_||nericnl si|||_tlat.i()|t 1)(_('()_c,s,,'_,ry
t,i_ne co_s_t_i_g. Tlm limited results still i_clicate tl_at t,l_erc,are st,r()_g si_;_als f()r
first order Ill,ase tra|tsiti¢)||s. Tl|ene remtlts are i_ (lisagrerl|te|tt wit l_ tl_, ('xist.il_g
liter|d,_||'e, llowever, I.()(letert|titm l.lm l()cal.ic)_t()f tlm first ()|'clef l)llas(: l.ral_sil.i()_t
li_ms m_d tc) resolve tlm exisl.e_tc.et)f a Ft l)hase wo_tl(I r(:cl_tirc',s_l)sl,m_l.i)_lly|\|()re

RG Be.harlot Clo,_e _.o ihe. FM-SYM lY).a,,_e._I}'o.)),,_itio)_Li)).e
Book et al.have clo_ms_|bst.a||tial m ut_eric.al si_t_la.ti().,_ w()rk ()It tl_(: RG l)c,-

havior clone to tlm FM-SYM pI_ase t|'at|sitio|| li_m in tlm O(4) ili_;gs-Y_|kawa )\|()del.
Tlmir finding is tl_at tlmre is _io i|t,lication ()f a _o)_t,rivial flxe(l l)()i)_l.. IIc)w(:vc,|',
to ol)serve tlm logaritl_nic (lel)e||dc)|ce on tl_(, (-_t,-()II"of tlm re)_()r_aliT,('(l l)ara_)xe-
ters as dictated l)y tlm C;aussim_ fixecl I)()i_t is I)rol)al_ly l)eyo_cl availal)le c¢))|ll)_tl.er
l>ower. ,}a_tse_ m_d Slmn have developecl a tl|eoretical tnetl|od tl)at _,ny l>reclict tl|e
val_te of tlm renor_nalized l)m'ameters c.lose tc) tlm FM-SYM l)l_ase l.i'a_,_il,i())_li_e.
Tlm _netlmd is based on tlm ol)servatio_ that, if the Yukawa co_|l)ling in s_x_aII,i.lxe
fe|'|||iot|s can l)e treated as a small l)e|'t_|rl)a.tio)| tc) a i)_tre flit;gs syst(,_)_. TI_(, (,Ir(,c-
t,ive l)Ote|xtia.l of tlm Itiggs-Yukawa systen_ (U(4,)) can be ,,vritte_ as tlm exact l)_re
IIiggs pot.entinl (UH(q_)) plus a fi,,it,e sl,irt (AU(4,))d_|e, to tlm co,xlril),,t,i(,,, fr(),,_
tlm fermio_s, AU(4>)is l)rOl)ortional to 1"_ a.|M cart l)e exl)ressed i_t t(:r)_n of tlm
exact pure IIiggs Green's function,s. Ull(q_ ) a tld tlm l)_tre IIiggs Gr(_e_t's fl|)tcLi()t|s
can l)e _xmasut'ed from a si_nula.tion of tlm I)_re IIiggs syste_n ",vlticl| is ||_t(:It easier.
The FM-SYM l)lmse transition line can be derived f|'o|n this forml|lat.i¢))_ mt¢l t,l|e

l)r¢:lin_ina.ry rcmtlts slmw good agr(:c|||ent with tl_e _unerical result s ()f Ilo)ck ct al.
N_rtl_ct' tests of tiffs method are planned mtd the renormalized l)a.ra_x|eters will 1le
calculated and compared with the numerical results.

i i i ,
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2. ANOMALIES AND THE STANDARD MODEL ON TIIE LATTICE

(A,,eesh l_4a,mhar)

'l'],erc have been some rcce,lt ,u,,,w,,'ical si,,l,da, ti<,,ls of the S,uit-Swift scl,e,,,,,

to l,,lt the sta, Mn,'d ,,,OriEl on tile latticE, wllich i,l(licate a retie,, ,,f tilt l,l,as,'
dlng,'a,nwlm,'ctherearelightchi,',dfer,,fious,will,doul,h_,'sat tlmr,ttoff,ltin

,,or clear wlmtlmr tlm scaling behavi(,r of t.lm tlwo,'y iu tllis ,'Egi,," of tlm pl,ase
dingra,,, ,lgrecs witll tlm l,ertu,'ba, tive scali,,g 1)ellrtvior of t,lm sta,,(l_rd ,,,o(h,l.
S(,J,,o res,,lts were ,'el,,,rted i,, part C, i,, rElatio,l to the issl,e ,,f large ,,,nss {,,'ivi,_lil.y
bo,l,Ms in tlm Iliggs-Yukawa syStEm. It wan arg,w,d ,'ece,fi,ly l,y B,_,,ks tl,at ¢.lw,
tlmory co,tid not be the standard umdel beca.,,se it does ,,or co,',','ctly reI,'o¢l,w.(,.
tlm gl(>bnl n,,o,,,aly st,'UCt,,rE of the stn.,Mard ,uo(M. In particltlar, lm argllcd tirol,
t,lm stn,,dard ,,,odd llas a baryon ,,,,,,fl)er-SU(2) 2 a,,(,,unly, wlficll iv l,(,t l_,'ES(:,,{.
ill tlm lat,tice tl,eo,'y, si,,ce tlm,'e are ,,(, a.,m,,mlies o,l t,lw lat,tice. D,,g,_,, n,l(l
Ma,ml,ar l,ave sl,own 1,()w it is possil)lc to ,'csolve tiffs <liscrcl,n,wy. 'el,orc ,,,'E
several possil)le lattice ,lefinit,io,,s of tlle 1,a,':yo,, ,u,,,fi)(,r c,,,','e,,d,, wllicl, t,,we tlw
sa.llm,mivcC()I{LI,IUU,I,li,nit,l),,tC,mdifferf,'<,,,,enel,oi,lm,'{,yn.l(,calco,,ut,,,'¢,c,',,,

i,,an i,,te,'a(:{_i,,gfield theory. The cur,'e,,t c(,,lst,'ucte(1 l)y Ba,tks (',,,'resl)(,,,ds t(, t.l,o.
co,lse,'ve(1 I)l,t gallgc vnrinlfl, cu,','ellt cl_,','(,1,tB p + KP. Tires tlm all()Innly st.r,l(:tllr(.
(lees ,,oi l)rove float tlm lattice th(:ory is ,_ot tlm stn,Ma,'(l ,,_(,(l('_l.lI(,w¢:ve,', t,l,¢'_
anMysis in rat.lm,' i,_direct, and tlm sit,ration is ,_()t,,'es(,lv(.(l yet. Tlm I),'()1)1(',,_is

bci_g stu(lie(l i,_ n,o,'e detail.

3. CONSTRAINT EFFECTIVE POTENTIAL IN A FINITE BOX

(Karl ,la,,se,_ a,,(1 Yue Shcu)

l_ec(n_tly, tlm,'e ]_ns bEeu re,mwe(l i_,tercst in the precise Slml)C of tlm c(m-
st,'ai,,t clI'cctivc pote,_tial in a ft,rite box. Tl_e significance of tlfis l),'ol)l(',n (),'i_;i,_nt(.s
fro,,, efforts t(, ebfa i,, au acc,,,'atc heavy Iliggs ,,,ass 1)ouud i,_ tlm ,,_i,,i,nnl stan-
(la,'d ,,,o(tel. Altlmugl, tlm ,'elated tliggs ,,,ass 1)(,u,M s(,nrch was ,'el)o,'tcd iu part
C, a ,,io,'e (lEtniled technicM analysis of fiuit.e size effects i,x tlm co,,st,',_i,,t. Effective
l)(,te,,tial is give,, lm,'e. As in tlm gEne,'al finitE'SiZE scalit,g a,mlysis (,f ,,_(,(l(.ls wit.l,

spolltnne()tIS sy,m,mt,'y b,'eaki,,g, two diff(.,'e,,t nl)l)roaches cnu be al,t,lied.

Chiral Perturbation Theory

' Tlm use of chiral pertu,'l),ttio,_ tlmory t()(loscril)e fiuite size effects i,_ t.lm(,,'ics
wlmre Goldstone bosons arise proved to l)e ve,'y successful in al)pli(:ati<ms to ¢,1
theories in d = 3 and d = 4 di,nensio,_s. R c_;,dts related to tlm heavy Iliggs mass
bound were reported in part C. Ilecc,My GSckeh'r _ml Lc,|twyler extcu(led tl,is
tech,fi(1,m to calculate the ft,fire size behaviour of the coustraint effective potential.

To test the apl)licability of clfi,'al perturbatio,_ theory for tlm co,_st,'ai,_t
effective l,otential, Jansen and colhd)orators (lete,',,_i,md the (list,'il),,ti,m of tlm
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menn tnngnei,ization in tile scaling region I)y usittg tile very efI_,i_ _(, elttsi,(,r nl-
gorithtn for the 0(3)model in d -- 3 ditxmnsiotm and the 0(4)nlo(lel in d = 4

dit|mt|sions Oll lattice sizes tl l) to 963 mid 164 resl)ectively. Since tlw. collsLrnil).t

efl'ective potential is lm)portiotinl to tile l()gni'it,litn of t,llis (li,_t,ribtttioti, t,ltey cottl(l

COll['rOlli, tile predictions of chiral pcrtttrbn.tion wit,lt precise lltttlmi'ical (lrd,n. Tile

OtttCOllle WaS the following.

In d -- 3 dilncnsiolls) tlle CollStl'llitlt effective poLelli,ial is dei,erll|ilwd by otlly

two infinite volume low energy COllS{,a,lli,,q, natlmly E (field CXl,eCtaLioli vnltto,), lul(l

F (rctlormnlized field eXl)Cctai,ioll w_lue). F and E nrc kilowtl ft't)tlt em'li(:r work

n,nd were fixed to these values. Tile exlmnsion t)nrnulet, er of cltiral peri,ttrbai, iotl

tllcory in F 2L, Tile ati,etnpt to describe tile constra.int effect, lye poLe.tit,till 1)y ltsitlg

oxlly lowest order chit'al pcrtttrbation theory fnilad. Significntli, dcvia.t, iotls bctwcctl
tlm data and tile thc()reLical l)t'rdictioll were fotmd, Ilowever, wlwtl tile IlO.Xi,[',t')

len.ditig order connectioll is i,n.ketl itii,o aCCOIIII¢., tlxe data a.l'O,we.li described 1)y t,ll(;

theorci,icnl cttrvc for w_lttcs oi" tlm CXl)n.tlsion l)nratnot, er F2L > ,5. ()lily ()11 i,ll('

la,t'gc,qt 963 lattice wii,ll F2L _ 19 was tlm lowest Ol'dor ac,:Clll'at,c OlI¢)ttgil for lt g¢)O(I

represetli,atiotl of the dntn,,

Iu d = 4 tlixllensions, lowe,_t order cllirnl l)eri,ltrbnt, ion t,lw<)ry nlr(:ndy Ct,l-

ta.ills ,'x new low ctmrgy c(msi,nalt, t,lle scale lmrmlioi,or AE, Alt, ll_)ttg,li ()tr(, lt,_s tlte
disadvantage of tile nI)l)ca.ra.nce (,f a Imw free l)ara.lllet.Ol ', ii, till'lit,tj ()til flint, iii

d = 4 (limensions, lowest oI(l(:r cliiral i)crt, urbai, ion i,heory gives a. g()od (l('.s(,ril)t,i()ti

of tile data fi)r F2L 2 > 6. The next to lea(ling order tcrnl wns estitllat, ed Lo l)e n.

tmgllgible correction, lt turned o_tt, llowcvcr, i,llai, by usillg vn.ltles for t,lw. l)¢)sit,ioll

of i,lle lllillilllltlI1, _] ()[tllO. consLrnitit efrect, ive l)oi,entinl frOIll i,lte lit,oratttre (F nta([

AZ were fixed i,oknown values), LIiet, lleorci,ica,1 cllrve lind t,lm _l,d,a (li(1 _<,t, agr('e.

Therefore, tlm valtte of E hnd Lo be fiti,ed directly ft'ore t,he consLraitd; ctre(_t,ive

potential, One ma.y ttu'n tiffs arottnd i,o say that tlle consi,ra.inL efr : ..tivei)ot, ettt,ial

is a very l)recise wn,y to determine E.

Field Theory Analy,_i,_

In the earlier work of Kuti, Lin, n_l(l Shcn to dei,et'_nine t,he _tl)l)cr l)ottt_(1

on tile tiiggs nmss in the 0(4) model, tl_e cotlstraitlt cfr(,ctiv(:l)()i,e.td,i,_l (U($))

wns used tc) cn lculate tlm retlorxnnliz(,(1 _ttnss hilt1 ct)til)ling (:()nsf,aral,. II(:tt(,rttin.liz('(I

l)cri,urbafion theory in a finite box, improved I)y the renormnlizat, ion group i_l tlm

itffrnretl, was developed to cn.lctllate the finite size e.tt'ccts ()f U (_) nn<! ()t,l_er Groetl's
functions,

Jansen n.nd Sl_cn used nn eflicicnt method to simulate tile constrn.i_lt (,II'cc-

tive t)ote_ltial dcvclol)e(l by I(uti and Shen a few yon.rs ago. Tlm first (lt'rival, ire of

U(q_) Call be measured nccurately tlsitag this reel,hod. Tile renor_nn.lizcd mnss atl(l

coupling constn.ni, m'e mensured accurately using tile cluster nlgorit.l_t. U(qS) is
calculated and compared with tile nmnstu'cd vn.ltte,,,,using i,he renor_lnliz(:d l)ni'al_t -
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eters ns inl)ut in botll renormalized l)erturbation theory and ctliral l)crtllrl)at, ioll
tlleory, Tlm silnulatio,m are <lotle for a tixed l,lea_l tiel(l wdtte 4_n.ll,l dilI'ereJit
vohunes V = L 4. Jansen mid Shen fixld tlm,t very close to the minimttttt of tlm ef-
fective potential v(qS/v- 1 _ O(I//.+2v2)), boll, rcnor_x_alize<ll,crtt_rbn, tion t,llcory
n11(lellirn,l perturbation theory results ngree quite well with tlm Imtxlcricnl re.mtlt,s,
IIowcvcr, away from the miilimum, while tlm mm-loop rc,mrmnlized pcrturbatioll
remtlts ngree with tile da,ta, l)redicti<ms frmn cllirn,l l)erturl)at, i<m tllc<)ry slt()w sig;-
lliflcaut differences, It is yet to be ¢letermined wltetller this (lifference is due to tlm
trutmn.t,ion of cldral t_er_tu'bn:tiotl tlteory at, lowest order in q5- _, (_r dite t,_)lliggs
loop effects,

In tlle work of Gilckeler and Leutwyler to calculate the c()tlst,'ail_t (:Ire(:tive

l)()tmltial, U(¢) is not directly obtained from cllirn.11)ertllrl)ati(m tl|eory, I11sten(I,
riley calculated a P-ftmcti(m wlli(:ll is directly derived ill cllirnl l)erturlmti(_Ii tlle-
ory all(l tllell obtained U(4>) via a Lai)lace trntmfonll. For a rnllge ()f _ vnltu's tl_is
Lal_lnce trm_sfornlatio_ is not c<mv(.,.rg(,l_ta_ul n_ arbitrary cttt-()lr lind to l_e i_ll-
lmsed. Althougll it was a.rg_ed float tlle bad belmvior of tlm bal_lace trnnsfonl_ is
due to the tru_lcation of tlm P-fttnctio_ i_l lowest order eliiral l_ert,ttrlm,tion t,lte<_ry

nnd tl_e result for U(¢) <loes _u_tst,rm_gly del>mid <hltlm vnlt_e _f t,l_e cl,t-_,lr, it, is
inlportn_lt to test tlds result agninst sol_m calculation derived fr<nl_first l_ritlcil_les.
Tile O(N) emlstrnint cffc.cLivel_<>tenl,inl carl I>c calctdate.<l exnctly it_ tl_e lnrg;e N

limit. In tl_is li,nit U(qS) is obtaine<l for n_ly ¢ > v values a1_d n_ly v<_ltt_tlesizes. ,
Then tlmli_,dtswllenL_(/,/t,-I)isfixed,L _ _ and </_fixed,L -+c¢arecxa_n-

i_le<t. Agreetnmlt witl_ tlm rem_Its fro,li clliral pcrturl)a, tion tlleory il_ t,l_clarge N
limit are found for both tile L = oo limit and t,l_ele,n<ling L _lepe_lde_lt c<_rrecl,ic)lls.
In ad<liti<m, the next order correcti<m to tile leadi_lg cl_iral pertt_rbn,tio_l remtlt is
calct_lated.

Calculating tl_e fitdte w,lume del)en(lence <)fU(¢) for ¢ < v is a ('l_n.lle_git_g;
task. Based oli the singttlar bellavior of the F-fu,mti()n, clliral l)ertttrl)atiott the()ry ,,

pre<fitted that as L --+ oo, br(C) -40(1/L '2) for ¢ < ,,. lt will I)e i_t,eresti_lg; t.ose,c
if tlm large N calc, tlat,iott can repro<luce tllis rest,lt.

4. RESONANCE PICTURE IN .A FINITE BOX

(Julius Kuti and ClntanLitr)

Thc theory of energy levels witl_ resonancc structure in a fi_tit,e b(,x wns
worked out i_ the 1950's within the framework of potentinl scattering. In t,l_e1960's

Shift, Kuti, and others had al)l)lied tl_e theory of m_erg# level drifts i_ a fi1_iteb¢)x
to q_ta_tmn field theoretic proble,ns. The main idea at t.hat t,i_ne was tc)detcrn_i|m
tile energy level sllifts compared with their continuum valtte frown s<n_e varintio_lal
calculation and determine the phase slfifts of two-particle scattering an_plittules
from tile level shift formula. Recently, L{iscl_eri_del>endmttly derived a._l<lext,e_l<le<l

tl_e earlier results on energy level shifts in a general field theoretic fraa_mwork.
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Tlm resonance structure in a two-cliannel pot,ential iu<ldelwasstudied recently tiy
Wiese. ]'lie renewed interest in the old problein iv Illotivated l)y l_ge scale lattice
QCD siinulations and tlle simulation of the tIiggs sector iii tlie nlininlnl st.a.ndas'd
lllodel. The resonance parameters of hadrons together with the deterniination of
low energy phase sliifts from a QCD cnlcula, tion ail_l r_,solin.iice i>rr>lwrties of a
heavy lliggs pa.rticle are of considerable interest.

Kuti with graduate student Lilt solved the Lee model iii a fitlite lmx iii tile
btlre parn_,.,oter ra.age of the nlodel wliere tll e V-particle l>ecomes it resolii0iice iii
the coilt.iil_ium. The cil.lculation iva detailed field theoretic exnlilple _f resolialice
str_icture iii a finite box ilicltittiiig renormalization effects. I¢._itiand Li_l were al>le
to derive exact results for the energy levels as a fiuiction _f the linear l>c_xsize L.
The V-particle can be clearly identified iii the resonance structure of tlie ell,'rt.r,y
levels wliich is similar to what was known earlier iii pot,eiltia,l scattering. As L iv
vr,.ried, tlie riiergy levels of N - @ two-particle staten chalige slllo<>t,llly, l_llt cl<>se.
to the resonniice niass of the V-particle, tile levels exilfit n typical level-cross>tit

i t_henouielloll: tliey attract en.cii other, and t,liell split again. Tlie sliai>e of f,lie

CIlcrgy levels deterlllilleS the rcsollailce strllctllre inchlding til(" IllaSs alid width.
K_iti and Liu plali f,oiiivesf,iga.tetile resoualice liai'miieters til"a liravy tliggs l_,_rticle

| iii tlm Iiliililllal st,_ndard lliodel llSilig f,he f,echlii(lile of lrinite lm× ro,_Olla,ll('O t,]leory

i iii a large scale SilIlillati()ll.

i 5. FItACTAL DIMENSION OF CIi.I'I'IC',AL CLUSTERS(K,_,:! ,lansen)

spin ino,_h"l:_witli a c()litilill()lis gl<>l)alsylliln(,t, ry liave re,_lllt,(-_liii ii gr('at (l_'al (>f
activity. The technique reduces critical slowing (l()wn dramatically all(l ttier('fore
allows one to obtain very precise data even close to tile critical po>iii. Beside tills

>aere tecl;nicnl advantage, the chisters that are c(mstruct('d (hiring tile _ll)(latiill_
process are l)ercolatioi_, c!!ist+'rs (Coliiglio-Klein or Fortllill-KastrleyIl ('histers) ,'lil(l
have a direct pliysical ine,_ning. They st;u't to percolate a.t tile crit.ical i>(>ilitof
the underlying model, and the l_hysi('s of the clll_trrs sllould be d('s(:ril_,'ll)le 1)y
perc<,)lation tlieory. Roughly speak>lit, tile cloisters can 1)e as,_ociat(,d witli tlir
droplets iii tile droplet picture of t)hase traiisitiolis. Properties of clusters slio_lld
tlierefore be conw-rtible into properties of phase tr<_nsitions.

One q_la.ntity cliara.cterizing chisters iv tlie fractal (liIiwilsi()il. If ,_ is tlie
iiiunlJer of sites iii the clllster (its mass) and R the radius of gyr,_tioli of tlie

chlsters then _ ,,-, R'Is' where di is the fractal diniension ()f the chist.er, lt was
, suggested that at the critical point the fractal dimension d/ of the then critical

clusters can 1)e expressed by the critical exponents/7 and l,', di = d- ltu, where
li, I_ bile klllilt.;iI_I%._li IiJIL tllliL5 i_l_ll_lllli * li illill 1 lilk...lilibi.llliJl£1l _lLl_l.,illlil.__ ILl#iliA iJ%...liit£ilil_j lkiiik_lli&llik,.&&UI.P lil_lkii_.ll

builds OliO connocl;ioli between _eld theory and percolation theory,
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Jansen and Lang deterlnined for the first t,imc the fract_ din_ensioli in tlm

O(4) _4 theory ill four diniensions. They calculated the pseudo critical points oil
lattices rrmging from 84 to 284. Perforluing liigh statistics r_ins at t,lwse t)oints

they were al)lc to get a v_due for tlm fra.ctal dimeilsio|l df - 3.06(6). 'rhis value
agrees very well with tlm tlmoretical prediction if olin takes tlm ki_()v,'_lval_ws ()f
fl = 0.5 mx(1_ = 0.5 for tlm 0(4) In()(lel.

In tlle same work, Jansen and La.rig were also al)lc to (leterlnilm tile (ly-
nalnicn, l critical exponent of tlm cluster algoritllm in its olle-clllst, er version. Tliis

exl)onent describes how fast tlm atltocorrelatioil t.imc grows wit,li increasing lat,tice
size, if olin is at the critical point. They found Ii() increase ()f tllis eXl)()Ilellt fr()In
the 84 to 284 lattices. This implies that tlm e×poxmilt is either very slnall, or t.lle

autocorrelation time grows logaxithmicn.lly wit,lt (.lte lattice size as sllgg('st¢:(l ill tile
literature.

6. GOLDSTONE BOSONS AT FINITE TEMPERATUItE

(Karl Janscn and Yue Siren)

Tlm excitations of the 0(3) non-lilmar o'-nlo(lel are l)clievcd to f()i'iil a iilas-
sire isotriI)let. The mass of this multiplet is t)rol)ortiollnl to t,lle rexl()rmalizat.i()Ii
grou 1)invariant scale-parameter of the model. It has l)ec|l a cllnlleIl,t_illgnii(! loilg-
standing numerical I)rot)lem to determine the collnccting factor 1)etwe(,I_t,l,_"_uass
gap nnd the scale-parameter. The ('xisting numericnl rcsult, s do not ngr(,e v(,ry well
with tlm exact prediction. Iii a direct nuiucrical study in d = 2, t.lie _lass ga I) was
invcstigated as a fuliction of tlm tuiphysical l)arc coul)litig. 'File scnlitig r_'gi(.)_l,t,l_'
coupling constant depen(lence of the scalc-t)arn, meter, eLc. (lel)('II(l ()li _tnl)ltysical
details like the form of the action and the reg_darization.

Tlmre exists a rather (lifferelit way to npproach tliis pr()l)leti_. It, lias 1)(,c_l

sliown recently float the connecting factor which enters 1)etween the d = 2 _nnss
ga t) and the scale-parameter iii the M S-schenm determities, at tl_e stone tiuw, tlm
temperature (lel)endencc of tim Gol(lstonc boson mass in d = 2 + 1 at low te_l-
l)eratures. This temperature del)endcncc is expressed solely iii t(:rms ()f pliysical
(plnntities (temperature and low energy pliysicnl parnlnetcrs) wit.l_()_t any r('fcr-

ence to a specific action or regulariza,tiou. Tlier('f()rc, tl_e study ()f tlm t,('_tq)erat_re
(lepen(lcnt Gohlstone boson mn.ss in d = 2 + 1 offers au itd,ercst, ii_g new why to pin
down tlm d = 2 mn_ssgap.

Jansen and Shen, in collaboration with Dinfitrovifi and P. ltnse_ffratz, cal-

culatc(l the finite teml)eraturc mass gap exactly witlfin the frn.lnework _)ftl_e la.rgc
N model. They showed that their solution is in ngreemen_, with the existing so-
lution by tIascl_fratz nnd Nied_rmaycr for arbitrary N. Tlm calculati(,n thrref()re
supports the somewhat indirect ,'ugumcnts leading to tlm earlier results of tiascn-
fratz as_d Niedermayer in the literature. In addition, Jansen, Shen, Dinfitrovid and
P. Hnscnfratz were able to estimate the finite c_tt-()iFeffects in the la.rge-N Ii_liit,.

4o



i

A numerical computation of tile fixlite tmlq)erature Inass gap for tlm 0(3)

case was also peffornmd. By tlm comparison of ttw.nre.tical predicti(ms and mlmer-

ical data, a similar discrepancy was fouxul as in tlm direct 2-dimensiolml llleastlre-

llmut of tlm O(3) mass gap. Therefore, a convincing mlmerical confirnlati(nl (if tlm

theoreticM l)re(lictions is still I,fissil_g.

7. CLUSTER ALGORITIIMS AND SCALING IN CP(Ni MODELS

(Karl ,lmisch)

Two-(lilnensioIlal C PiN - 1) models are ill Ilia.fly respects sititilar to f(),tr

dim,.'llsional gauge tlteories. Tlmy tlave a nOIll)ertm'l)ative mass gap, are asylIll)-

totically free, and develop a nontrivial vacuum strllcture. They even llave a U(1)

gauge symmetry, which is, howcver, more of geometric than of (lylmnfical ()rigin.

For these reasons tlm CP(N- 1) mo(lels lln,ve 1ici'lt sttl)je(;t to Ina.ny illvesi, ign,ti_ms
since their invmltion.

Becmlse of tlmir similm'ity to spin Inodels (tlt(: CP(Ii In()d(;l is ('q_ivalent

to tlm nolllinear o-mo(Icl), it is ilatural to asi< wlmt, lwr (),m cml also 11se ('Itlster

a,lgoritllms for CP(N- 1) models. These a lg()ritllms were fo_md t()lie very slu:-

cessful iii sl>in models ill reducing critical slowing d()wn, D_te t() tlm l(wal garage

symnmtry of tlm G'P(N - 1) models it, might be even l)_)ssil)le t() lenrll s_)xl_(:t,l_i_g;

n.I)(nlt chester n.lgoritl_s for gm_ge tlmories.

CP(N- 1) models have been extensively stu(lied in 1/N ca lcula.tio,_s. II_w-

ever, tlm validity of tiffs approxi_na.tion for CP(N- 1) for fix_ite vnhles (.if N, whicl_

one is mainly interested in, is uneleax. To tesi, whetlmr (mr ca.l_ _s_.' tlm l)redic - ,

tions of ln.rge-N at fix_ite N, Jas_se,_ a.n(l Wiese lm.ve chosen the cP(ai n_(l CP(4)

models. They ca.lc_llated tile mass gap an(l tlm tot)ologi('a,l susccl)tilfility i_l tlw

stalling region _)f tlm tlm(n'y. Tlmy f()_l_(l good ng;reenwt_t witl_ tlm ln.rge-N scali_g

predicti(m for l)oth q_mntities. In imrtic_lar, tlu'y could n(>t detect l)roble_ns witl_

dislocations (slnall size instantons) ns is tlm case for CP(li a_<l CP(2). Tlleref,,re

large-N al)l)ears to be a good tool to descril)e the l)l_ysics of CP(N- 1) m()(lels.

,lap,sen and Wiese also constructed m_d tested cluster algorithms for CP(N -

1) _nodels. Tlmy found, lmwever, that tlm cluster algorithm does n(>t work for

N > 2. They compared their cluster data for the a._ltocorrelati()_l ti_c wit.l_ a

i local Metrol)olis n,lgoritlHn a.nd fou_(l in 1)otli cases tlmt the (ly_lmnical crii, ical
ii exponent is 2. Both n,lgorithms ped'orm e(lually weil. They att,il)ut.ed this failure
I

I to a_ m'gu_ne_t recently given by Sokn.l, wllo m_ggeste(l that tile (:l_ster alg()rith_n

; m_tst have codimension 1 t,o reduce critical slowing (lowll. l_t the cn,se of CP(N-1),

lmwever, tile codi_nension is 2 for N > 2. The CP(N - 1) model ca_ serve ns nn

I example for the validity of Sokal's codi_nension 1 arg_mm,_t. Of course, tlm need
1

for improved algorithms in CP(N - 1) is as desiral)le as ever.
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E. SOME EARLIER RESEARCH TOPICS

Iu tllis part somc ea_'lier rcsearch topics wllicll are not directly r,,ln,ted to cur-

= rent work arc bricfly dcscrilmd. In subsectiou El, rare decny ltlo(les of tlm Z II voc-

: tor bosotl n.re atta.lyzed by Matmlm.r. Ill sltbsectiou E2, parity od(l Slfilx-dClWtMetlt

structure flttlctions a.rc di_::ussc(l l_y Jettkitls. Electroweak (me-lool_ correct.lolls t,_,

tlm top quark mass n.re rct)ortcd l)y Jenkins a.ud Mauolta, r in sltlgsc(:ti()ll E3. A

SUl)crsyutmctric model with the tIiggs ns a Icl)ton is reported in s_tl)sccti()tt E4

I)y Nclsou. In subsectiotl E5, chiral clm.rge oscillatiotl itr tl_c Scllwingcr nlc)(hq is

discussed 1)y Manohar. In sltbscction EG, some critical rcttmrks rclatc.(l to oarlicr

work on the clcctric dil)olc tnOllWttt of tl_e nmttrolt are descril)c(l l_y Maltollnr. Iii

subscctiott E7, several years of earlier iw¢<_lvclnCllt ill tlm DOE Grntlcl Cllnllcllge

Pl'ogt'attt of very large scale SUl)ercolnl)ttter alq_licat, iotls in rcl_()rtc_l 1,,,' Rc_ssi wlxc)

joined Thiltking Ma cltincs Cot'l_ornti(_It in 1990 after f(mr years at UCSD n._ n rc-

scnrcll associatc. Solttc l,"sltlts cit lattice QEI) are rclmrtccl 1)y R_)ssi at_¢l Shmt_ itx
s_tbscction E8.

1. RARE DECAY MODES OF THE Z 0 VECTOR BOSON

(Aneesh Manohar)

i Mn.uohm" Ims computed the rate for tlm rare Z (lccays Z 0 --) 7rr () at_(lZ 0 --4 IV+rr -. Tile deca,y alnl_litu_le carl I_e cot_qnttcd usil_g the Ol)Ct'a[,_r l,t(_i_tct

expansiot_. The a.l_alysis is sin_ilar t_ tlutt f_r ch:ctr,_l_r_d_tct, ion. I_ elcctr_,l_ro_h_c-
tiou, the kinctna.tic va, ria.blc w = 1/x = -2p. q/q2 varies l_ct,wcc_l 1 < w < c_ it_

i the l)l_ysical region. In tile case of Z decay, the two body kittentatics tixcs w to

i ltave tlm value OW. Tile deca.y atnl)litude can expressed a.s a t)owcr
Sill 2 be series

I in w 2 = sin 40W _ 0.07 << 1, which acts as tile snm,ll expaltsion l_nratneter. O_tlythe firsL term in the operator product expmlsion is releva,l_t, in cmltrnst to electro-

- l_t'odttction where all tile terms itr the scrics arc inlportant. Tlm decay anqflit, ude

i is calculable in QCD, because the first term iu tlm operator product is tile axial
vcctor cttrrcllt, whose matrix elellletlt is knowll to l)e F_r. Tile Sallle metho_ls Call

also be used to compute tile a,nq)litude for rr --, "t*(kl) + 7* (k2) in t,l_c kinclttatic

region

ill =
/,:22

'.m This generalizes a.n old result of Brodsky aa_¢l Lepagc.

i L. Randall aud Mmtoha,r coral)uteri tile decay rates for Z 0 _ + teclmil)iolt,
II a process previously studied by several a.uthors. Iu malty tecltnicolor t_odels, tlm

tm
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decay rates are ,nuch large," tllan the sensitivity of _,lmLEP experitnmlts. Tills
was not noticed before because of a mtnterical error, and bccaltse tile sitnplcst
technicolor models have a decay rate which is jltst at tlm liIltit of sensitivity of
LEP, lt sholtld be relatively sitnple to search for these decays at LEP, This sltcnlld
rule out most technicolor models which have light Imeltdogc_ldstcnle boscnls.

2. PARITY ODD SPIN-DEPENDENT STRUCTURE FUNCTIONS

(Elizabeth Jetlkins)

,lenkixls i>oitttc<l out that Itcw pn,rity odd sl_in-delwmlmlt structtlrc func-
tiolls are mensurable in deep inelastic lepton scattering ft'ohi polarize<l lln(lroltic
targets of .m'bitrary spin. Odd parity structure functions arise froln tlm cxchallgc
qf electroweak gauge bosoils since tile weak interactions do not conserve parity.
These odd t)arity strtlctltre htnctiolls are ii(>t sat)pressed relative to tile cv('xl Im.r-

I ity structltre fuxlctiqtls (wllich arc relevant f_,r elcctroprodltction) a.t Q2 of or'clef
:',, tile electroweak g_ulgc b<)son lilnsses s<pln.red, Tllese tmw dist,t'il_lti_ll flttlcti_nlS

are relate_l via suln titles to pt'_ton matrix el<:lllmltS of Ic_c_I_l_erI'tl,_rs, allyl tllllS
provide a<l_iitional itlforI_lation almut prot,on structure wllicl_ cn_u_t, i_e _ens_re<l
using lntrely elcctrqmngnct, ic interactions. TI_c l)nt'it,y evenSf,I'IlCt,IlI'C fitt_cti<_l_S
form towers of irrcducil)le tmtsor oi>craters u_lder tl_e rotat.io_a gro_p. Tlm l_nr-
ity odd struct_lre fit_mtim_s fill i_l tlm "gaps" i_t tlmse it'rc_l_mil>letensest Ol>erat_w
towers, ,q._dtlmrefore provide a more cm_plete _l_lcrsta_ldix_g of tlm l_t'oto_l's str_tc-

: tare. They slmuld be _llcas_u'able in _lcep inelastic sca,tt,eri_g Cxlmrinwnts to l_e
l)crfonned in tlm near future at, machines mtclt ns HEI1A.

7,

; 3. RADIATIVE CORRECTIONS, TOP MASS AND LEP DATA

_ (Elizabetll Jenkins n_ul A_mesl, Ma nollar)

Radiative corrections to electroweak quantities measured recently nt LEP

(tile Z 0 mass and lepto_lic width) were calculated usiug nn effective tlmory for-
_nMis_n which simplifies tlm statl<lnrd analysis. [Tlm Z I) nmss ha_l I)('en star(lied
previously using this method by Mnxciar_o.] With tllis tmw for_nn.lis_l_,,l_'._ki_lsal_<l
Ma.nollar slmwed that tile qnly radiative effects whicll tm_st be reta itmd (given cur-
rent experitne,ltal accuracy) are tlm p l>na'nt_mtercontrib_tion fr<nn t,[tc t<>p_p_ark,
a_l(l tile renormalization group evolution of tile electromag_wtic cow,piing;COl_st,a_tt
between low energies and tile electroweak scale. Other effects, sltch as finite lfieces
a_ld Higgs bosqn contributions m'e no larger than the uncertail_ties in tlm sca lit_g
of _. At the time the palmr was written, the i:ct_tra.1value fin" tlm lel_to_ic widtll
front LEP was such that a factqr of two i_l_l)rovemcnt in tlm measurenmnt qf tlm
Icl)tonic width would lmve provided an interesting lower behind qn the tql) q_tark
tnass. Since tiron, tlm LEP error bars have decreased by a factqr of two, but ml-
fortunately their cmltral value changed by 2.5 standard deviations. With the new

central value, there is ,m longer a lower lintit, only the old upper li_nit of around
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230 GeV for the t mass, [This can be inqn'ove(l so111mvllat l)y Mso iIlcluding low
mmrgy neutral current scattering data, as done by Langacker.]

4. SUPERSYMMETRIC MODEL WITH TIIE HIGGS AS A LEPTON

(Azln Nelson)

Supersymmetry nmy be necessary ixl u,lified tlmories in ord('r t,o keel) til('
tliggs Boson, and tlm weak scale, naturally ligllt COmlmred with t_hescale of Gt'atl(l
UnificatioIl. Otto of the Inost apl)enling fea.t_u'es of s_,l)crsy11,,Imtry is tile _,,lifi('n.-
,ion of boson and fermion fiehls. Ilowcver SUl)crsyt,,l,mtric lll()(lels lmvc l_(:e,, rntlwr
disapointiilg, requiring tlm ild;roduction of ll,ally "/Iiggs" fields in a(ldit,ion to tlm
matter fields, wlmse only purl)ose is to break the GUT mid weak gn.llgc s)',n,lm-
tries. At,toni)ts to _lnify the scalar fields rcsl)ol,sible for syIIu,wtry brcakitlg witll
the known fermion fields have been phenolnenoh)gical failures. Tile I1min diMcul-
ties lm.ve beell unacceptably fast proton decay, no mass fi)r tlm charge 2/3 q_mrks,
a.tld tltmCCCl)ta.l_h:patterns of syinlnctry l)rcn,kiilg.

GrnIl(l Unification of tile low clmrgy gnllg(: gr()_l1) ii1,,() ,_,¢(.1"(3)3 ¢_ a. l)('rlll_l-
tatio,l syll,znetry is less restrictive tl,a,xl unificat.i()ii i_to si_ll)lc gro_,l)S sl,cl_ as El;,

while sttcccssfttlly pre(lictitlg tlm weak _,lixi_,g a,_gle, (:llarge (lt,nt_tiza.ti_)_,etc. II_
particular tlmrc are tw() allowed types of rcnm'ma.lizn.l)lc F-l,ex'_ c(ntl,li,lgs, if tl_e
tltrce families of ordinary quarks and leptons nrc contnizmd in tl,rc.c ""-' "Zt s , wl,er(',

cacl_ 27 is a (3,3, i)(D (3, 1,3)(I)(1,3, 3) ,,,,(Icr l,lw_ga,lge gr,,,,p, lt in l,,)ssil,le
to acco,,nl)lish both the breaking of SU(3) a to SU(3)® SU(2)® U(1) and tlw,
subseq_mnt electroweak symmetry breaking with vevs of tlm scalar co,npo_,ent, s of
tlmse fiehls, altlmugl_ it may be necessary to i_,cl_(lc nonrenormaliza,1)le t,er,lis i,l
the superpotent, ial (supl)ressed by inverse powers of tlm Planck mnss) or ad(liti()_nl

; sut)erfields retell as a (8, 1, 1) (D(1,8, 1) (D(1, 1,8) i_ oMer tc, favor tlm desired l,at,-
] tern of sy_nuu,mtry I)reaki_g. The most exciting feature of the model is tl_nt it is
" _mcessary t() violate R parity in order to givc._nass to tlm (l_mrks and l('l_t(n_s, I_t

i it is l)ossible to choose a superpotential which will have low energy bary()t, Iu,,Irl)ev

conservation, ensuring the meta-stal)ility of the proton. It in not possil)h, to avoi(l
lepton nund)er violation at tlm supersynmmtry scale, nam the 1)hc_()_ncn()logy ()f
Icl)ton violation is related to the pattern of q_m.rk and Icl)tOn masses. The am(.)_,d,

ii ()f Icl)tOn munber violation is acceptably small, being proI)ortional to tlm s_,_allI

| Icl)ton _na.sses. In summary, this theory appears very economical a.n(l i)ron,isi_g,
however tlm details of the l)henomenology remain to be worked out.

5. CIIIRAL CIIARGE OSCILLATION IN SCIIWINGER MODEL

(A_mesl_ Manolmr)

Tlm Schwinger model h_ been a use['ul tool to study ba, ryon mmd_cr viola-
,ion mt high temperatures in the standard model. Chiral charge in the Schwinger
model plays the role of baryon number in the standard model. Slfifnmn an(l
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Voloshin, and Arnold and Mattis hltve shown that liigli teinl)erattu'e cliiral eliargc
violation occurs at a rapid rate, i.e. i_ is ilO{, slipprosscd I)y a.ily iIlsi, a.ll)'oli t,llll-

licliiig factors. They did this by bosonizing t,lie tlicory, and solviilg tlm eqliatiolls

of lllO_iOll for the bosonic degrees of freedom. Their resul)' was re(lerived in I!I1

elelilelitary way iii two lilies, 1ising M,_xwell's eqllation a.n¢[the n.xinl anoninly.

6. ELECTRIC DIPOLE MOMENT OF THE NEUTRON

(Aneesli Malloha, r)

S. Aoki and A. Gocksch rcccill, ly ptil,lislied ix paper eliilll)Ut, ilig i,lle Iietit.l'()lI

electric dipole inoinelit, using t,ho lattice. There are nia.ny sub)'let, ies iii t,liis cal-
culation which wore fief, fully apt)rccia)'ed, and which wore alinlyse(l iii a recelit,

paper by Aoki, Gocksch, S. Sharp0 and Maliohar. Tile restil{s of Aoki niid C_Joekseli

LttrI1 oul; Lo be lt lattice nxLefact. The ca,lctila)'ion wa_ dolle I)y rota)'iilg Llle (TFx_

terln into ix CP violatiiig niass )'crni, tiSilig tlm chiral War(l iden)'it, ies. Coiliieei, ed

di,qgranis with ali iilsertion of )'lie CP vi(ilai, iiig nia.s._were )'lioii cciilll)tii, e(l. Tim
a.xial rot, ltti<)li is liot, a sylilliletry if Olie ilieludcs lt Wilsoli t,erlii iii tlm il.ct,i()ii. If

)'he effects of tliis m'e takeii iil)'() a,cCOllllt, cm'efully, if, is l)OSSil)le t,() l)r()ve )'lia)' t.lie

COllllectetl ¢liagrn.lns give zero. Tluts tile Aoki-Cocksch roslilt, was a lattice ai'Lc-

fact, nrisilig fi'oln tlm Wilson term. To do ),lie ca lculntioli correctly wotlld iliv()lve

calculating the disconnected dingraliis. Tllis innkes tile nltincrical cnlctilnt,ioli fnr
nlore difficult.

7. DOE GRAND CIIALLENGE PROGRAM

(Pie)'ro Rossi)

Pierre Rossi, who joined Tliillkillg Machines Corli()ration iii 1990 aft,ct flair

years at, UCSD as a research associa)'e, was ilivolved for several years iii t,lie DOE

Grand Cliallenge Progrmii of very large scale Stll)ercomptiter a lq)lica.ti_)lis. 'rl,,:
main thrlist of Rossi's research prograin had beeli, wit.llili the DOE Grancl Chal-

lenge project, a very large scale siinula.tioil of lattice QCD with (lynalilica.l feriniolis.

Iii the early pliase of the project the ETA-10 sliperct)inputer at SCIll was tiscd fin"

l),'oductioli runs. Last year SCII.I replaced )'lie ETA-10 by tlm Conilectioli Macliine

2 which proved to be a very eltieieIl)' eonlt)uthlg eligine for tlm Lattice QCD Grnnd

Clm llenge Project. ConsiderM_le etrort has been invested in porting the l)rograins

to the CM-2 machine and Ol))'imizing the l)erforlnance on tlm new architectttre.

The l)articitm),ion of Rossi in code developmeltts for both nm.clfines lind I)een very

iliiportmit and productive. IIis colitl'il)iitioli li,la bceli lliainly iii dovololfilig )'lie

high level pa.rr of codes a.ild ali the associate<l algori)'luliic issites. The goal llaS

been to sinmlate Wilson mid I(ogut-Susskind feriniolis (:)li lattices aS large as 324

and obtain a performance in excess of 5 Gflops.

Some of the main physics highlights of tlie project are as fi,ll()ws. Silnula-

tiolis with dynaniicnl ferinions made the hadron spectrtiln available ()ii lllttice sizes
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,,vhicll were considered very large in quenclmcl sixll,tlations a few years ago, Tile
results are closer to the expectations of ColltimltUll l_llysics, ,but filfite wAmne arid
cut-off effects arc still under investigation. Tlm chiral pllase trmlsition at fitlit,e
tetlqmrature was also studied on large lattices at_(l closer t,_ tlm COIltilllttttll lilnit.
Glueballs and topology were investigated with ligllt _lttark fla.v_ws.

8. LATTICE QUANTUM ELECTRODYNAMICS

(Pictro Ilossi aral John Sloan)

Monte Cre'lo st_tdies of non-coxillmCt lattice qttalfl, utn elect, r_dynmllics by

Dagotto, I(ocic and I(ogut have showxl t,llat tlmre is a sccolld order ciliral S3'llltll¢:-
try breakitlg transition at str<n_g coaq,li_g. Sevoral gr_ttps lmve stu¢lic¢l tlm vlcc-
tron mass gap equation in the quenched lad_ler at_ln'oxinm,ti_m (called tlw_raild_ow
cquation) for continuum QED and cow,tend tlmt tl_is trm_sition corresl_¢n_ds t_ a
iron-trivial strotag coupling fixed poi_t. There is m_tcl_disagrecxnent, lmwew, r, over
wlmther t,lm l_ehavior predicted by tlm cot_t,imut_n calctdati¢,t_s is exlfil_it,ed in tlm
_mtnerical results, i.e. wlmther t,lm ladder m_l/or qtwtwlmd al_proxit_mtio_s arc
too severe. If tlm co_t,intmtn res_tlt,s are correct, tl_c_, almve tlm critical l_fit_t.,

tlm olmrat_,r (_/-;_],)2l_as scaling dimensi_,n f¢,ur (ratlmr tl_n_ it,s _ai',,¢:_lit_wt_si_,__,f
six), m_d cow,ld be ret_ormalizable.

a v _Rossi m_d Sh)an had been stu<lyit_g strox_g COUl>linglattice QILI). _Ilm3 itr
vcstigated tlm validity of tl_e ladder al_pr_ximat, i_n_it_ _l_wnchcd QED. To _1ot,l_is,
tlmy gctmra,lizcd the rainbow cquation to tlm lat, tice, a_¢l cCm_pared its solt_t,io_ to
tlm res_tlts of a q_tmwJmd Monte Carlo calc_lation at, variotts w_l_tes of 1,are _ass
m_d co_tl)ling. It was found that, on an 8'1lattice, tlm curves < _];_].,> vs. e _tt fixe(l
_t wcre q_talitatively similar. It was noticed, lmwevcr, tlmt tlm curw:s < _];_/_> vs.
_t at fixed c have qualitative differenccs bctwcc_ tlm Mot_te Carlo at_(l ra i_bow
results. Tl_is _nay be due to a dift'ere_ce in tltfite vol_mm effects, or it _nay i_(licat.e
that tlm la_l(h,r a l)l)roxi,natio,_ does not i)redict tlm rigl_t critical l)ehn.vi()r.

Slon_t l_ad been workit_g witlt tlm Illinois gro_tp (Sincere IIm_ds m_l ,lol_t_

I(ogut) to develop a li_marized version of lattice QED (LQED), ix_whicl_ tlw, tra,_s-
verse photons couple linearly to tlm fertnions (rather tlm_ as a phase). Tlm l_asi¢:
idea is tlm.t the gauge field is split into transverse a.x_dlo,@tudinal con_potmt_t,s,
tiron the transverse component (defined by 0. AT = 0) iv invarim_t ut_der t,he
gauge transformation A _ _ ,'1_ + OteC. This means float otto can rel_lace tlm

' D

fermion bilincar Ct+lte teaA_cz by a tertxi linear in AT, i.e.

. lt icaA_Cre+tr (1 + ,caA.l,z)c ",/'z,

and exact gauge invarim_ce is still tnaintni_m(l. Noto that tiffs is e(luivalet_t to
adding gauge invariant, irrelevant (i.e. dimension five a_t(! higher) operators to
the normal non-compact lattice QED acti(ut. Sloas_ an(l his collab(n'ators liavc
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investigated tile behavior of qu_,nc',tlcdLQED, _lnd fi,ulld bcllavi_r wllicll iS silxlil_lr
to, but slightly closer to nleall field t,h_m t,he norlx_al non-coxnp,qc_, llloclel.

|
m

l
iii

J



4

[3] CONTRACT PUBLICATIONS

Collt,r_etl)llblica,ti()zlsm'cli_t.c(lfi_rtlmt,iIimlw.ri_(l_,ft,llre(;_.'¢,nrs:

1. J. I_.uti mid Y. Slmll, S_lperCOllll_llting tlm Effective Aerie)II, Pllys. Ilev.
Left. O0, (1988) 85.

2, J. Kuti, L. Lin, and Y. She,l, Upper Bollnd ohi tlm, IIi_gs-II(m()ll Mnss ixl
tlm Standard Mo(lcl, Pllys. Ilcv. Left. 61, (1988) 678.

3. J. I(_lt.i, 'rim Iliggs k'Icsoll I_,.'ol_lrIIi, Proc. (,f tlm XXIV Ixlt. C(_ll[.
o_ tligl_ Enc,'gy Pl_ysics (I1. I((,ttl_m,s n_(l J. II. I(ul_, e¢lit.ors) 13c,rli_:
Sl)ri_gcr-Vcrlag.

4. J. I(_t.i, Non-pert_rlmtivc lhtr,ice st,u(ly (_f tlm el¢,ct.rmv(,ak _()¢lcl witl_
dy_a._nlcal fcr_nions, N_cl. Pl_ys. (Proc. S_ppl.) 9, (1989) 55 Pr()c.
of Lattice 88, Fcrmilab (lwld Scl_t. 22-25, 1988).

5. L. Lin, J. Kutl, Y. Siren, Fi_,itc size scaling nn_lysis of tlw. Iliggs _ass
lmtu_d in tlm 0(4) aI,proxi_nntion, Nucl. Pl_ys. (Proc. Sul,l,l.) 9, (1989)
26 Proc. of Latticc 88, Fcr_nilab (lmld Sept. 22-25, 1988).

6. J. Kuti, L. Lin, P. Ilossi, Y. Shcn, Cl_iral t,rn_sit, ion in t,lw SU(2) Iliggs
Mo(M witl_ dynn_ical fer_i()_n, N_(:I. Plws. (Pr()('. S_I)I)I.) 9, (1989)
87 Proc. of Lattice 88, Fcr_ilal) (l_¢,ldScl)t. 22-25, 1988).

7. Y. Shcn, J. I(uti, L. Lin, P. Rossi, Study of tl_c ¢4-_nodcl wit.l_ Yul(awn
co_q)ling m_d dy_mmical fcrn_io_s, N_cl. l"l_ys. (Pr()c. S_q)l)l.) 9, (1989)
99 Pr()c. of Lattice 88, Fer_nilab (held Sept. 22-25, 1988).

•"I •8. b. Lin, Non-Pert_rbativc Steadies on tlm Iliggs n_d Ilcnvy F'cr_i()n S(ct,(,rs
in tlm Standard Model, Doctoral dissertation, 1989.

9. Y. Slmn, Nonlw, rturbativc Shuly (_ftlm (}(_) Li_fit ¢)f tlm Stm_dnrd Model,
Doctoral dissertation, 1989.

1(}. D. B. Kaplan a_d I. I(lebn._mv, Tlm Ilolc of rt Ma ssivc Stra_w', Q_ark i_
tlm Largc-N Skyrme Model, Nucl. Pl_ys. B335, (199(}) 45.

11. D. B. Kal)lan and A. Ma nohnr, Nucl. Phys. B 310, (1988) 527.

12. M. Agishstcin, A. A. Ivligdal, Vortex Sheet Dynamics, Physicrt D, (1989).

13. P. Rossi and A. D. Ke_umdy, Classical _ncchanics o_ Gro_l) _n,_if()l(ls an(l j '

application to Ilybrid Mo_fl,c Carlo, N_ml. Phys. B327, (1989) 782.

48

!
!



g

,i

14, P, Ro,_i, K, M, Bitar all(l A, D, I_mlnedy, Th_ QC,D fl hll_ctloll wit li
Dynalnical Wilson Fermi(ms, Pllys, Ilev. bcC,t, (13, (1989) 271;1,

15, K, M. Bitar, A, D. Kelmedy, I1, IIordcy, S. Meyer, nnd P, ll(,ssi, IIyl_ri(l
lvlontc Carlo and Quantulll Chroln(_dyna1_lics, Nllcl, Pllys, B313, (1989)
377.

1(1, I(, M, Bitar, A, D. Kmnwdy, R. IIorsley, S. Meyer, u11d P. Ilossi,
Det,erlnixlillg the Nature of Finit, e Tcll_l)(,rat,l_rc Trnllsiti(m (_f QCD wit,li
Dynallficnl Fcrlnions, Nucl. Phys. B337, (1990) 245.

17, P. Rossi, K, M, Bit.at, nll¢l A, D. I_.mln(,dy, Tlw, Cllirnl bill_it, n1_(lI)l_n,_e
S_,ruc_,urc of QCD with Wilson Fcr_fi()ns, Pl_ys. Left,. B234, (1990) 333,

18. T. DcGrand and P. Rossi, Oon(lit,ioni_g Te(:l_i(l_m's for Dy_a_i(:al
Fcr_nim_s, Co_nl)_t. Pl_ys. C(n_mmn, 00, (1990) 211.

19,' K. Bitnr, T. DcGra_ul, R, E(lwnr(ls, S. G()t,i,liel_, U. IIeller, A.D. I((!_,,ly,
J. I(ogut, A, Krasnitz, W. bi_, M. Olgilvie, I1. II(,_keu, P. llossi,
D. Sinclair,IL Sugar,M, Teper,I).q'()_ssai_l,,n_(lI(.\,VaI_g,Q_nx_t,_l_
Clu'(n_<)cly_m_ics ut (1li 2 = 5.60, FSU-SC, III-90-1(),I, ,1_1 199().

20, K. Bit,,r, T. I)cGrnnd, li. E(lwnrds, S. G()t.t,liel_, U, IIell(,r, A.D, I(e_e_ly,
,l. I(()gl_t,, A. Kras_fii,z, W. Li_, NI. Olgilvi(,, 11. II('_k('_, P, II(_ssi, I), Sit,clair,
II,, S_giaa', M. Tel)or, D. Toussai_t, and K. ',Va)_g, IIn(lv()_ Sl)(,('tr_x i_ (._CI)
)tt 6/9 .2= 5.60, Pl_ys. Ilev. D42, (1990) 379,1.

21. I(. Bit,at, T. DcGran(l, I1. Edwards, S. Got,t,liel), U. IIeller, A.D, I((,n)_(.(ly,
,l. I(og_t, A. Krasnitz, W. biu, M. Olgilvie, I(. IRez_k(,_,Iu, II()ssi, D. Si_u:lniv,
II. S_gnr, M. _I_t)er, D. To_ssai_t,, and I(. Wa_g) tln(h'on Tlu.,rnu)(ly_n_ics
witl_ Wilson Quarks, Pl_ys. IIev. D43, (1991) 2396.

22. K. Bitar, T. DeGrand, 12..Edwards, S. Gott, licl), U. Heller, A.D. I(em_(:(ly,
,1. Kogut, A. Krasnitz, W, Liu, M. Olgilvie, R, Rm_ken, P. Rossi, D. Sinclair,
R. S_gnr, M. TcI)cr, D. Toussaint, an(1 Ii. Wang, Hadron Spectros('()py
wi_h Wilson Valence Quarks, N_u:l. Pl_ys. (Proc. S_pl)l.) 10, (1989)
400 Proc. of Lattice 89, Capri (IMd Sel)t. 18-21, 1989),

23, K. Bitar, T. DeGrnnd, II., Edwards, S. G(_i,i,lieb, U, IIeller, A.D. I(e_w(I),,
J, I(ogut,, A. Krasnitz, W. Liu, NI. Olgilvie, II. Renkm_, P. Rossi, D. Sinclair,
II. Sugar, M. Tcl)cr , D, Toussaix_t, and K. Wang, IIadrm_ Sl)e('t.r_ wit,l_
Staggered Dynamical Quarks, Nucl, Pl_ys, (Proc, S_pl)I.) 10, (1989)
404 Proc, of Lattice 89, Cal)ri (bcl(1 Sept. 18-21, 1989).

24. D.B. Kaplan, Constit_mnt Qua,rks as Collect.ire Ex(:itatio_s (ff qCD, Pl_ys.
Left. B 235 (1990) 163.

25. A. Mn noh_tr, IIcavy Quark Contributi(ms to f(l dxgl(x), Pl_ys. Left. B242
(199o)

2(1. A. Ma_ol_ar, Nm_tral Curre_t Matrix Ele_e,_s of the N_cleon, P_l_lisl_e(l
in Procee(li_gs of tlm Workshop on Parity Violation in Electron Scattering,
Cnltecl_, 1990.

,19



I

t_csl) +tm_<J,I

27, E. Jenki,m, Pm'it,y Odd Sl)in-Del+elXdCllt, SLrttc_ttre Ii_ttlcti<)ll,'+ilt De(q>
Inclnst, ic Scatterhtg, Nucl, Pllys 13354, (1991) 24,

28, P. Rossi tttl<l J, Sl<ntn, A NItltlcricM St,ltcly of ;lte II.ainl)<>wAlqn'oxitllnt, iott
to Qttcnchcd Lattice QED, UCSD Pm't,iclc Tltcory l)rcpriJtt, UCSI)/PTII
89-10,

29, S, llatt(ls, J,B, I(ogttt, aild J, Shin.tr, Litwm'izcd Lat,ticc QEI), Nttcl. I+llys
B344, (1990) 255,

30, E, ,lctlkins mtd A, M+_ttollnr, Ivlonsttritlg t,lm _i_1>Qtlnrk Mnss Usi_lg
Rrulird,ive Correct, ions, Pllys, L<:t,t;.237B (1990) 259.

31, A, Mmlollnr, Tlm Dccnys Z --4 lien attd Z .-4 7n, and tlm Pi<ni F(wltl Fncl,t)t',
Pltys, Let,t:. B242, (1990) 94,

32, S. Aoki, A, Gocksch, S, Slmrl)c, nnd A, lk,lallohttr, Calcttlal, itlg t,llo N(,;ttt'cnt
Electric Dipole Motncnt, tnt tlm Lni, t,ice, Pllys, Roy. Lct,t_, 65 (199()) 1092.

33, A, Mmmllnr, Chiral Chnrgc Oscillnti(m in tlm Sclw¢illgcr M()_lcl,Pttl)lislw(i
irl Proceeditlgs of the Worksllc)l)()tr Baryott Nttttll)er Violnt,i<>lt ni; tliglt
Elmrgy, Sa,tlta Fe, 1990.

34, A, N(rlsott, Kaon C,otad(_t,.at,io_t itr t,lt(. En.rly Uttivcrsc, Pltys. L<:t,t,, 1324()
(1990) 179,

35. I(. Choi an<l A. Sant, mnnritt, 17 KeV Ncttl.rino it_ tt Sittglct,-Triplct, b,,I_jorott
Model, UCSD Pm'title Theory l_rcpritd, UCSD/PTII 91-01.

30. D, C,lm_ag, I(. Cl_oi nttd W, Y, I((,tt_g, Itt<l;tcc<t 0 C_ntt.ribttt,iott t.(_
the Nctttron Elect, ric Dipole Motncttt,, UCSD Particle Tltc(n'y l)t'cl)ritd,
UCSD/PTII 91-02.

37. E. ,Ie_kit_s nnd A. V. Mnnol_nr, Discre),o Syt_ctries 1,_(1 St,nl,ist,irs of
Solit,ons in tlm Prcscttcc of Topological Action,s, Pl_ys. Let,t,. 252B (1990)
375.

38. E. Jenkins mtd A. V. Manohar, Btu'yon Chiral Pcrt, ttrlmt, icm 'l'ltc¢_ry U._i_g
n. Hcavy Fcr_nion Lagranglm_, Pl_ys. Left',. 255B (1991)558.

39. E. Jc_tkins and A. V. Mnnol_ar, C,hiral Correctiot_s to t,lm B'nt'y(n_ Axial
Cllrrellts, Pl_ys. Left. 259B (1991) 353.

40. A, V. Ivlanohar, Pa.rton Distril)t_t,i(nm fr(nn nn Opcrat, or Viv,v,'l>(fi_t,, Pl_ys.
Rcv. Left, 65 (1990) 2511-2514,

41. A. V. Mmmlmr, Polarlzcd Part, on Distrib_tl, lon lqtnct, ions, Pl_ys. Ilcv. Left.
66 ( 1991 ) 289-292,

42. A. V, Manolmr, The Polarized Ghton Distribtttion mid I.,ns'gc "I'rmmverse
Monmntum Jets, Pliys. Left, B255 (1991) 579-582.

43. A. V. Manohnr, Anomalotts Gluon Contribution Lo the Prot, on Sl)in , Pl_ys.
Rcv. Left. 66 (1991) 2684.

5O



44, A, V. Mmmhnr, The gl Problmn: Mtu:ll Ado Al)<)_tt Nothing,Polarized

Collider Workshop,, A.I,P. Cmlference Proceedillgs No, 223 pp. 90-104,
edited by J, Collins, S.F. Iteppeltnan, nii(1 R.W, Ilobinet, t0, Ailmricatl
Instit, ltte of Pllysics, New York, 1991.

4,5, II.. Carlltz and A, V, Mnnohar, TlmoreC,ical Interln'etn{,i(m ()f tlw EMC
restllLs,Pt_lnrizcd Colli_ler Workslml) , A,I,P, C()llfero, xlc.e Procee(litlgs Nc_,223
I)P. 377-379, cdiLcd 1)y J, Collins, S.F. IIoPImlnlati, ntt(l R.W. Ilt,l_itmLt,
Alxmrican Itlstitut, e of Pllysics, New York, 1991,

4(i. A, V. Matiollnr, Gmtge Depen(lellce ()f Llm Mai, rix Eletnelll, s ()f tlm
C}lO, rll-SilllOll8 CurrcllL Kit in the Schwinger Model, Pllys. Ilcv. LeLt,. 136
(1001)1oGa-G ,,

47. A. Colmn arid A. V. Ma nollar, Hot; QED ill a Big Box: Itl,plicatiolis
for AllotIlrtlous Baryon Noil-Ct)tl,qervltt, ion, UCSD Particle Tlmory l)ret)l'ill{,

UCSD/PTII 91-08.

48. M, Dugnn mx(1 A, V. Mnxmlmr, Lal, tice Cllirnl Fcnlli(ms a.ll<l Flav(w
Axmnmlies, UCSD Particle Tlmory I)rel_rixlt UCSD/PTII 91-14.

49. A. G, C()lmn, D. B. Kaplan atul A, E. Nelson, Weak Sen le Bary<w:twsis,
Pltys, Let,t_. 24,5B (19.90) ,561.

50. A. G. Cohen, D. B. I(al)lan n.n(l A. E. Nelsotl, Bnryogetm:'is ht, tlm Weak
P!tase 'rx'alisition, Nucl. Pltys. '!349 (1991) 727.

,51. A. E. Nelson and S. M. Bn,rr, Upper Boutt(l eli Baryogcnesis Seal(: ft'(,111
Neut.rilm Masses, Phys. Left. 246B (1990) 141.

52. A. E. Nels()_, Tlm Peccei-Q_tinn Mechrmis,x_ \Vitluntt a_t Axio,_, Pl_ys. Let,t,.

,5:3. A. I!3.Nelson, An Effective Up Qttn.rk Mass from New Liglit Part, icles, Pliys.
Left. 2,54B (1991) 282.

,54. A. F',.Nelson, Prediction for Top Mass and K(_l)aynslfi-Maskn.wa Parat_ml.o.rs
frmn a Solutiott to the Strong CP P,'oblem, Pliys. Le.Lt. 2513B(1991) 477.

55, A. V. Mmmhar a,nd A. E. Nelson, Consl,raint.s on Neutrino Mixi_xg wit.lt a,
17 KeV Ncutrilm, Phys. Roy. LeLt,. 66 (1991) 2847.

56. A. G. Colmn, D. B. Kaplan a.t_dA. E. Nelsm_, Sl)()_t,a tmo_ts Bary(,gmmsis
at tlm Weak Phase Transition, accepto_l for l)tfl_lication iri Pl_ys. Left. B.

,57. A. E. Nelson, Natural and Viable Model wit,h olte 17 keV Mnj(>ratm
Netttrino, UCSD Particle Theory preprint UCSD/PTH 91-13, accepLe(l f()r
publication in Phys. Left. B,

,58. I. Dinfitrovid, P. tIasenfratz, K. Jansen and Y. Shca, Goldstone Boson Muss
Genernted Non-Peturbatively by Finite Tcmperat_tre iii d=2+1, UCSD
Particle Theory prel)rint , UCSD/PTIt 914)7, to ni)pear in Phys. Left. B.

51



iii

59, W. Bock, A,K. De, C. Fric;k, K. Jansen aild T. q__rapl_enberg, 8earcll
for nn Upper Bound of tile Renormalizcd Yilkawa Coupling iii a Lat,t,icc
FerInion-Higgs Model, UCSD Particle Tlmory preprint, UCSD/PTIt 91-09.

60. I(. Jansen and U.-J. Wiesc, Clllst,er Al_(,rit_lHxlsand Scaling ill CP(3) _ll(l
CP(4) Models, UCSD Particle Tlmoly l)rel)rint, UCSD/PTII 91-10.

61. M. G6ckclcr, K, Jrulsen and T. Neulmus, Constraint, Ett'cctivc Poteut, ial a11(l
tlm a-Mass in tlm 0(4) ¢4 Theory, Particle Tlmory I)reprint, UCSD/PTII
91-15.

62. I. Dimitrovi6, J. Nager, K, Jansen nad T. Neulmus, Sllnl)e ()f t,lle C',()nstrnillt,
Effective Potential: A Moutc Carlo Study, Part, iclc Tlwory I)rel_rint,,
UCSD/PTtI 91-17.

63. J. I(uti n.n(l Y. Sllen, The Fa,tc ()f tlm Vac_tum Instability in t,llc
tliggs-Yukawa Model, UCSD Particle Theory preprlxlt UCSD/P'I:tI 91-18.

64. J. I{uti and C. Liu, The Resonance St,ruct, lu'e of t.lle Lee IVlodel ill a Fillil,e
Box, UCSD Particle Tlleory l)rel)rint UCSD/PTIt 91-19.

65. J. Kuti a.n,', C. Liu, The Infrared Ronornmlizat, ion (lr(,11) Annlysi,, ,)f t,lle
0(4) tliggs Model, ma nus(:ril)t ill l)rel)arat_i()n.

66. Y. Shen, Lower Bound on tlm ttiggs Mass in the Presence of )t [leavy Tol)
Quark, UCSD Particle Theory prel)rint UCSD/PTIt 90-26.

67. K. Jansen, Phase Diagrmn a1_d Bosonic Prol)agat, ors in a SU(2)®SU(2)
Scalar Fernfion Model froln Un(ilmxlched Mollte Carlo Simulatic)ll, UCSD
Particle Theory preprint, UCSD/PTII 90-27,

52



Invited ta.lks listed for tile tiIile l,eriod of three yenzs'

1. ,l. I(uti, Tile tIeavy tIiggs Meson Prol_lem, I,,lvited miIfi-rnI,I,_n'te_lr tnlk

n.t tile XXIV Illt,,,,rtln.ti_,lml CC)llfet'_', :e oI1 lliglt Elwrgy Pllystc,_, _,lll_li_'ll,

Augltst 4-10, 1988.

2. J. l(uti, Nolt-l_e,'turlm, tive batt, ice Study of tile glectr_wrnk 1VI_lel witll

Dynmxfical Ferllfions, Plenary tnlk give,i at the 1988 Fer111il_tl_ c_nlfi'_rmwe

on Lattice Field lll(ory.

a. b. Lin, Fiifite Size Scaling Analysis of the Iliggs Mass B(nlltd irl tile,

0(4) Approxilna.tion, htvited talk given a.t the 1988 Feriililal, collferelu:e

on Lattice Field Theory, September 22-25, 1988.

4. P. Rossi, Ctlira,1 transition in the SU(2) Higgs Model with _lyitn.iI_icnl

fermions, Invited talk given at tlm 1988 Fer,nilal) conferc_ce ()n Latt.i(,e

Field Theory.

5. Y. Shen, Stately of the q_4-,no(lel wit.h Y_kn.wa cmtl)li_g n_d (ly_n._,_i(:nl

fermions, Invited talk given at the 1988 Fernfilab C,onfermtce (m !,attice

Field Theory.

6. A. A. Migdal, Dynanfieally triangula.ted random m_faces, Pl(:tmry tnlk

give_ at the 1988 Fer_nilal) c(mf(:r(mce (m Lattice Field The()ries.

7. A. A. Migdal, QCD Loop Dynamics, Invited talk givm_ a.t tl_e I!)88 Fcr_n_lnb

i co,ffere,_ce on Lattice Field Theory.
a

8. J..t""t,i, The Heavy Higgs Meson and Top Qum'k P,'oblem, Invit, ed review

talk at the 1090 DPF Meeting, tlouston, Texas.

9. a. Kttti, The Heavy Higgs Meso,_ and t!_e SSC, Invited talk at the Meeting

on Theoretical Ideas Beyond the Sta,,xdn.rd Ivlodel, SSC Laboratory, Dallas,

Texas, May 27-30, 1990.

il 10. A. Manohar. Neutral Current Matrix Elements of the Nucleon, Invited talk
Lt the Workshop on Pn.t"ity Violation in Electron Scattering, Febr_mry 1990.

_°



Uf..JSI} 916!x1,I
i

11. A. Manohar, Tlm gl Problmll' l_,IIMl A(lo Abolll; Notlli_lg, Ixwit,ed talk at;
the Polarized Collider Workslml), Peun St,al;e, Noveull)('r 1990.

i

I 12. A. Mauollar, Strange Matrix Elmnellt, s of the Nucit;'m, Invited ta.lk at, t,lm

Workslmp on Accelerator Bn.sod Low Euergy Nc_ttrino Pi,vsics, Los Aln.lnos,Jammry 1991.

13. A, Mmmhar, Discrctc Symlactries a_l(l S(,litolls, Invit,c(l t_dk givell at, l.lw
1,lth Iut,crnatiotml Warsaw b,,Iccl;itlgoll Eh.'melxl;ary Part.icl.- Pllysics, May
27-31, 1991.

14. A. Nelson, Off the Wall Ba.ryogelmsis During the Weak Phase _'ansil;i(m,
given at l;he Aspen workshop on Electroweak Physics, July 1990.

15. A. Nelson, Low Energy Solul;ions to tlm Strong CP I)r()blezIl, Invil;(,(I l;alk

giv(:ll at; the' Sn.nta Fe W()rksll()p ()li QCD, AiIg_lst 1990.

16. A. Nelsoil, Ba.ryogencsis at tllc Weak Pllase Transit.ion, Invil;erl t,nlk givcit
al; the 14til IIll;(;rnal;ional Warsaw Meeting ¢)ll El,,llmiltary Part.icle Pl_ysi('s,

i May 27-31, 1991.

I t ) ' _

17. D. Kn.t)lan, Flavor Mixiug in COral _)sll;cTrio(lois talk presented a.t t,lm 12th
Johus Ilopkins Workslmp (1988).

,m 18. D. I(nplr..n, Qualil;ons, ta.lk given a,t Th,e Sa._.t,a Fe QCD Work,,h,op, A_g.
199O.

19. D. I(aplan, Spontaneous Ba,ryogen(:sis at t,lm Weak Please Trm_sil;io|_, talk
presented at Work,_hop on t,h,e Weak Ph,ai_e Tran,_il,ion (May 16-18, 199I),
Tlm Iusl;itutc for Advanced Sl;udies.

20. Y. Slmn, Lower Bound on the tiiggs Mass in tlm Presence of a Itrn.vy
Top Quark, talk present, cd at the Inl;rrnational Co_ffcreucc on Latl;icc Field
Theory, LATTICE'90, Tallahassce, Florida, O(:l;ol)er 1990.

tl 21. K. Jansen, Phase Diagram and Bosonic Propaga.t, ors in a SU(2)®SU(2)
:9 ScMar Fermion Model from Unqucnclmd Mop,tc Carlo Simulation talk

=

--_ LATTICE'90, Tallahassee, Florida., October 1990.

54





-i


