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Abstract 

We lxol~ose sl~ont~ane0mly breaking teclmicolor. tlius libernt,ing teclini- 

quarks and suplxessing large resonance contributions t,o t,lle electrol~~eal< 

S paramet~er. The dynamics is n~odcl~tl by il fwlniou l~11bb1~~ approsinln- 

tion to a single massive kchnigluon esclmnge potellt,ia,l. This cont,a.ins a 

Nambu-Jona-Lasinio motlcl n-it11 addition;~l illtwactious. “\‘irtual” xwtor 

mesous occw and contribut,e to S, and t,licir cffrct,s iwc st,lldietl. Models 

of broken tcchnicolor arc discllssed. 
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I. Introduction 

Technicolor is he collcctiw nalne for a class of nwtlels at,tcmpt,ing to explain 

electroweak sylninet,ry Iweaking by coudensatcs of ferlllioll-antiferlllioll pairs, driven 

by a new strong int~craction [l]. All versions of t,cchnicolor (TC) inlitate, more or 

less, the Imown dynamics of QCD clliral symmet,ry breaking. The teclmicolor inter- 

a&ion is asstmied t,o lx an unlxoltel~. and t,lms confining, st.rong interacbion a~mongst 

teclmiqunrlts, which also carry clcctroweal~ qnant~um nmnhs. Tlx result~ing chiral 

condensak of kclmiqlwks t,hcu I~K~&s he clcct~ro~v-c~aic gauge symmet~ry. The ex- 

tension of the theory to give rlw fcwnioiis mi~ssw [%I .is mil(lr ~omc\~-llat~ i~~vliwwl by 

the twin const.mint,s of flil~o~-c.lliLllgiIlg ucut,ral cmwut ~xowsscs imtl t,lw large t,op 

quark mass. Implcmwting these cont,raints ill ert~rutlctl tchkolor (ETC) leads 

t,o additional model h~iltliug rcc1Gcmcnt.s. such as a wlltiug trclmicolor coupling 

[3] and critica, or suhit.ic;~l c~st~cntletl tcclmicolur [4]. Tlw mass of the t,op <l\\a~k 

can then be gciierakd cit,llcr 11.y a “sulxriticiil amplificilt,ion” involving tuning of the 

ETC four-fermion inbwhons UCRL to, but bclon, he critical valrw, or by generat.ing 

teclmiquark and t,op cluark couhsates t.oget,h. though ETC cffccts. 

There is a second tlifficult.~ wllicll ~~l~l~cws to impI>- tlmt tcc.lmicvlor t.hcorics are 

110 longer x%hle. Techni-~esonallccs such as t,llc kclmi 0 ~(1 t,cclmi~ ~.-I, 1 arising from 

confinement of tcclmiquarlts, lxotlrlcc large contribntiolls t,o the ~~lwt~owxl; radis- 

tive S pa,raniet,er, a nu2a5urc of isosiuglct electrowcal~ symmetry Ixwlihg at, t,lu2 loop 

level [5,6]. In a QCD--1iltc t,lwory t,lwse can be t,reatcd 1)~ rcsommcc :wturat.ion of 

sul~erconvergencc relationsllilx, swh as t,llc 1Ycinhg sum rules [G]. Reccntl>,. precise 

measuremeats of elcct~rowcak iutcrihons 11ave phwtl n new coust,raiut, 011 ihe S pa- 

rameter, currently at 90% (95%) to < -0.1 (0.0) [;I: rclativc to t,llc> minimal St,autlard 

Model with he Higgs mass ecl~ml t,o he 2 hson mi1ss. III tc~clmicolor t,lleoric!s t,wated 

as scaled-up QCD-like tlworics. we 11a~~: 

s N (O.lO)i\$,!l;, + 0.13, (1) 

where the two indices are t,lle mmilxx of t~eclmicolors antI clect~rowcal; tc~cllnitlonl,lets, 
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respe&vely [G]. In walking tcclmicolor t~lleorics. 

S N (0.110 - 0.0i6)A$c.Y~rD + 0.13, (2) 

where CI, 6 are constant,s of or&r mity [S]. The fiml cwlt,ril)~~tiou in bot,ll cases cwnes 

from taking the Higgs mass to m 1 Tel’. By com~~arisou. the lmturlmt~ive form of S 

from fernlion loops alone [.5] is: 

s = :Y~~c:\;u/GT x (o.oj)~~~,~r~xr,. (3) 

If technicolor t,lreorics ax: to Ix! ~iablc, t,hcir c.out,xihtiou to S nlust, be nlinimized 

somehow. III the lxcscnt~ iirticlc, w nisli t,o lxcsmt iu alt,cwmt~i~r walizatiou of t,ecll- 

nicolor as a spontaiicousl~ lm~1ic11 giuqc tllcwy i~ud st,lltly to what, mteut. this can 

suppress techni-rcsollallc(, contril)iitioils to t,lic S ~mrainNw. 111 sllh ii theory, the 

effective coupling constant, liiwt, be just, large ciwugl~ to thivc the formation of elec- 

troweak condensates. but tllc t,cchnicolor hcractiou 1~1~ short-range. alqxosin~at~ely 

s-wave and not coufinhg. 1\:hilr scalar hurl stitbcs swll iis t IIC Siunl)u~,-Coltlst,olle 

bosoms are fornled, the tu~confincd t,cchnifr~llliolls do uot fori the offcntling vector 

resonn,nces which give large collt,~il,~lt,iolls to tllc w~+ficirllts appwriq ill S. There 

are> l~owe~~, “virtual” wso~iancc poles fomwtl at ii sc~idv almvc tlic hrcaliilig scale. 

The effects of tlresr \.irtml r~wn~anccs upon S nn1st, Ix iu~lntlctl. \\-v SW Iwlow. in a 

large-n’ analysis. llon- tllc iutllit~ioll of a sulq)wss~l S iii sl~o~it;~~~co~~sl~ I~rol;cw Well- 

ilicolor is achieved U’llile ivc fiul that the is sllpl)rcssiou, S iicvcr falls blow the 

usunl result for frw fwmioii loops. ~vit~hin the domi~iii of Yalirlity of oiw analysis. 

The proposal of R sl~ontmrously lxoltcn tcchirolor (SBTC’) is not really so rnd- 

ical in light of other rcccnt, ideas about electrorvcal; symincbr~ haking. .hotlier 

alternative for tlyiinmic;d c~lcct~rowcali sylnnlctq~ Ixwikiug is 00 al~autloll new itch- 

nifermions and snp1mw that the top (park it,sclf forms il coiitluisatc, ililt iMs alone 

as a tcchiquarli [9]. ;\ prcliiuinary gauge form of tllis tlyuaiiiics 11~s lwon givril [lo], 

and he recpireme~~t~ t llat~ the c~lect~rowcal; p paruwt~r Ix‘ al,l)rosilllR,tel3, uni t,y forces 

some radical fine-truhg: citllcr (a) tllc scale of uw: physics .\ is 7w!: large- c,g., lOI 
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GeV and the fine-tuning \wy SEV~C’ for he cffwtivr (quadratic: inbcractions, or (I)) 

supersymmetry must 1x2 invoked. ur (c) )nlol, > > 200 Gc\,. aud au d h ca~ncellatiot~ 

must be arranged against t.he large positive top quark cout~ribrlt,ion t,o p5 such as a new 

heavy 2’ or a new brol;c~l SC’( 2)v. These prol~lcms tlisappcar if a fourt,h generation 

is invoked Ill]. In t,llese rases. he number of degrec~s of frocdom cont~ributing to S is 

minimized. Moreover, iu t~licsc motlcls we au2 dealing with a new st,rong inkraction 

which is itself Ixolicil and dots uot confine, but, r\:llicll is slifficht~l~ stUong t,o be near 

or beyond criticalit,y. 

We cannot solve stroiig colll)liug 1~~d~1s lvitlloilt wsort to somr iil)l)iorilllilt,ioil. 

such as t,he leading-:Y fwmioll I~~ll~blcs. or ladtlcr ili)l~~o~iiniltiolls. 0111. view of t,lle 

dynamics is that a gixwl SBTC gangc t,hcory is dcscrilxtl 1)~ a gauge group, G.co~c. 

The theory must, be as!llril)tot~ic.~ill~ fwc at, high cw!l-girs. If KC turu off t,lz l~reaking 

mechanism, then it, lxcomcs a confining t,heory w-it.11 im iilfralctl wrlfiiwnlc~~t. scale 

&OTC. However, we iuqiw that some mccl~auism intcrvcwcs t,o hrak G.S,ITC. --t G’ 

at a scale .I’ 2 :\.c~~.,,~.. \\-c itsslmlc t.0 start off that G’ is it ii~ill grollp (t,liat is, 

complete breaking; we c:o~~ltl gciwralizc to ha\c 1mlxolwu slil,groul,s that conhin 

U( 1) factors or are infwrcti frvc). Thus nit.11 G’ 1lul1. all of tlw twlluigl~wns xqnire 

a ma,ss M - g(M):\‘. wlicw 9(/f) is t,llc G,s.[~,,.(. collplillg ililt q( .\f) N 6( 1 - IO). 

At the scale AI we call integrak out, the gauge l~oso~~s and wplacc t,hc gauge 

interact,ions wit,h four-fwmion cffect.i~c int~crxkioxs. Ths at, antI blow this zcalc 

we have a Nambrl~~Jona-Lilsiilio (NJL) model [IZ]. OIU crikrion for he symmetry 

breaking of t~he t,hcory wc t,ali(! for the sake of simplicit,y to lx: t.lw Ilsual fwmiou 

hubblc, ~aitlllbll-.Jolli\-L;\sillio result 1 t,bat a clhxl symnwtry Ixwkiug scale or mass 

gap 711 be spontaneously generated for sufficient~ly strong couplillg. 1Ye t,hen study 

the effecds of the virt,ua,l wsona*icrs p and =I, in t,hc motlcl ill Icading order of l/:\i~c. 

This may Ix viewed as a model calculation \rhicll sc~~ks to rmtlcrstautl tlirect,ly the 

virt,ual resonance cont,rihtious to S mit,llout use of t,hc \\i4lhcrg snm rules. Wc find 

that the resonanw coihl~utioli t,o S is always positiw. a1id iu the limit, of t~unilig a 

large hierarchy lx~t~~z-cxxi :\I and t,lie clliral Ixalthg wide ~1,. w rcco\vr he 11sual free 

fermioii result,. 



II. A Simple Model of the Dynamics 

Consider an SBTC t,heory. with a, single fcuniouic fluw isoch~blet~ ( ALrD = 1, 

A$,0 = 2) of the form ti’ = (U, D) wllich also carries an .SU(.\~~~:) color index in t.he 

fundanlentd reJ)resellt,a,tioll. 1I.e do Ilot, pxrscutly cmm~rn 01mx~lvcs n-it,11 ;illondies. 

We assume that the SU( -1.1,~) lowI gauge t~llcory is I~rolw11 to ii global SU( ~VTC) 

with A& colors. (Our tliscussim cm be gcneralizcd to :Yro > 1, alltl 0th I~rediillg 

schenxs are mentioned in section I\‘.) \3’e can writ,e tllc> cftbct.i~v citrrcllt,~c~lrreIlt form 

of t,he fermion iuteract~iou Lapngian due t,o siuglr gJw11 wllal~~c of lllolllClltUlll 

transfer (I’ << AP its: 

l, ,/,I - g2; 2 ;*,<A/ 
.\[.“‘^“‘yi I’ ! 2 2 (‘. (4) 

where the ,\,‘I are t,lle SL..( .I-,,(,) gm(w~t~ors. Cpuu Ficw r(‘iirr;lllglll(~llt. hpiug only 

leading terms in l/A’,r~~,. this ii~t~cract~ioil tidies t,lw form 

Gut = $(T / ~,,c’,I~~,ly!~ + C’,,TIIL”~L’,(Til~‘I, 

l- 17 --,~l~,,~~‘(‘,l”y’~7’~c) - -0 I-,, ‘ir~(‘l’l~jlIj;7(1~‘.’ 
S 8 
l- l- -pJIu’.p~& - s~,y,,isc:‘(‘i”;i(l.I 

1 
I (5) 

where ~1~ = (1 - -p,)<‘/‘z. iv,? = (1 + ;;5)~>/2. Herv r ” iw Padi ini\t~ricvs iictilig ,\pon 

the Havor isospin intliccs. Yot,ice t,llc SCr(2), x SC!(2) ,I iiiviwiiuw of this int,eraction, 

where the full chiral grmp 1~s m SC(2) actor cust~othl s~~bgrcn~l). The first, t,wo 

terms are Nalll~~~-.Jolla-Lasillio il~t~cract,ious, aud .\I’ lhys t~llc rolr of t,llc cnt,off. (This 

can be rigorously checked by conlpuiiig arguncuts of logs iiiltl finite wrrect~ions in 

various an~plitucles; it, is gencdly tb11~1 t,hat~ AI’ cm 1)~ itlvutifictl \c-it11 t,lw Y,JL 

cutoff with sndl residual wrrcct,ions.) The vrctox-vector ;rnrl x&i-vcct,oy +sial- 

vechr t,crnls gcner;tbc tlic: rcsonium~ cont,ributiolls to tlic S l);muuctcr. 

We beg-ill by tlemdiilg that, t.lw tllcory pr0d11w in vi~cuum contlema~tc at low- 

energy, or ecpivaleut,ly, I a ( ~nimicnli~ induced eff?ct,iYc feriliioii niiw+. The most 
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general hduced mass term can he t,ai;en to be: 

~Ul,&!’ + 6~,,$~7~~,, (‘3) 

The fermion mass is gcneratcd self-consistently 1)~ its ww self-energy in the NJL 

sector of the theory. This cousist.s of the first, t,wo turns of t,lx rhs of eq.(5). In the 

leading-A’ approsimnt,ion. only t,he NJL interact,ious can cont,rihlt,e to t,he mass gap. 

The resulting gap equat,ions for ,)I and 6m are most comw~icutly \\:rit,tcn in t.wms of 

VI* = 111 * 6m: 

m* = y;;j;F [,,l+(.\l” - ,,,; lll(.\f”/ 2 n1+ + 1)) + ,I,-(.W - ,I,: 111(.lf2/m’? + l))] 

(7) 
We therefore see t,hat, C~/IC = 0. and the symwtric mass ,,i satisfies hltc 3.JL gap 

equat,ion: 

‘,I1 = y;;;p I1L [Af’ - ,,I* Ill(i\/‘/,,r” + l,] 

We ignore the trivial solut,iou III = 0. Tlms, tlw wntlitioll that a &ral couthsate 

form in the t,lleory at scale :\I is t.he usual conrlitiou iu t,llo ralnl,ll.--.Ionil-Lasillio 

model: 
gl’(:lI’) = 4?r”,,/:\Trc 2 4*“/.\~.,~i~. (9) 

or 71 2 1. insofar as the larjp-\’ limit, is viditl. For miugiiliill>. critical ca~pling, 

‘77 - 1+ aud ,771 -+ 0: while for large 11, 71) - 00. \Yc implkitly awuuc’ 11, < :\I for an 

effective field theory, so that, i/;j 3.3. \\‘c a,lso uotv that tllc xgmmwt of t,llL’ logarit~hms 

(1 + ilP/llL’), can lx: wplacrtl by l\l’//ll~‘. since up011 cxp;mdi ug. tlw corirctious are 

higher order in m*/.W’. and WC have already t~rm~~~t~c~l operator corwct~ious of this 

order in witing eq.(4). This implicit,ly requires ,I?. t,o 1~~ small compared t,o .\I and 

71 not much larger t,lla.n unity. Nok hat, dlie result hrrf = 0 is au csiunple of he 

Vafa-\Vitt,eu t~heorem [13]. t,lmt vector symmct~rics camlot, Ibc tlpa~mic;~ll~ Ixohi. In 

this case. 6171 = 0 prcscrvcs the vect,or custodial SL7(2). 

Let us a,rgue now 011 gcucral thcouhcal gronmls that, tlwrc rau exist. a sponta- 

neously broken, asymprotically free, t,hrwry that, is lmcoufilliilg yczt sllfficicxt~ly strong 
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to form a chiral con&mare. If we take y”(/r) t,o lx tllc nuluing coupling const~allt on 

scales p >> nr, 

g’(p) = 
879 

b~ln(~c/l\s,~~c,) (10) 

then, if we assume #(AI) is marginaily critical. we llinv tllc rat,io of AI t,o :\sorc 

given by: 
.\I 

- = esp(2.\‘.~(~/6”) 
-bUTC, 

(11) 

Therefore, we call, by jlltiiciolls rhOicc! of :j:rc and :\‘Tr$ lilalic~ the rat,io -\I/I\s.BTc ar- 

bitrarily large. This iuclrltlrs a ~‘nxllcing t.heory” ill which lie - 0. or -\‘,,,p - llX~c/2. 

For A$c very large, w t~lwu cslxct t,lw ~alul,u~.lolla-Lasillio ;~pprosilllat,iou t,o the 

chiral dynamics t,o IJC \.cry good. Of course, this 1uw1y tlclllollst,~~~t,cs t,hat, such an 

SBTC theory cm exist, as a nlat.t,or of principle, whilr our specific n~otlel wsrllk are 

expeckd t,o be less rcliablc. 

Since the SBTC’ coutlwsate Imvdts t,lw clcctrowwl; gallge s>xuwtr>‘, tllerc are 

two charged and one mitral Nambn Goldstonc Ix~nls [1X14] wl~icli laconic tlie 

longitudinal IV mtl Z lmso~~~ wspwtivcly. Tlw tlrc;~,y wustut.s of t~hcsc Goltlstone 

bosom are denotctl by fll:(/?) md .f:($) wslx’ctivc~ly. iwiug gw~~r~~ll~~ fiulcriom of 

moment,um aransfcr 1;‘. Tlw tlccny const,auts occ1u ill rniting tlw ~x~~ml polarization 

tellsors for t,wo-point flulctiom of ~1CCt~lQWdi CIIlWllt,s. Lrt, 11s drfillc~: 

I,,” = (9,,” - p,p,/,;‘)n(p2). (13) 

Then we have (in t,he, convent~iou of w-rit,ing kinetic t.crms for gu\gc ficltls as (-l/-I$)F,,F~“, 

e.g. see rcf.[9]): 

rI*(,?) = ($,i - f;$) 
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l&:j(/i2) = (+-I:) 

KlQ(15 = 1 ‘, 
( ) :p- g2 

where 92 is the SU(Z) ,, gange c~onpling. These RN: left.-llantlccl cwrrn-curreut ho 

point fuimiolis, with i( 1 - j”) projections. Siliw cusmtlial Slf(2) is uni~rolte~~. we 

have ‘m+ = mm and I-I, = II:,:,, wl~cncc: 

.f$ = .t’; = II:s:j - n:,, (15) 

where use has Iwell niatlc of (2 = I,,:, + $: mtl 1’1 (.A.-1) iw \wtor (axial 1:cchr) t.Ivo- 

point funct,ions, and t,llc f2lctor of l/4 arises from tlw i ill tlw lcft~~~~llnutlctl projections. 

$(l- 75). 

Let us make some prclimil~i~q~ conmlcnt~s ilbout~ t,llc, ~h~skel iilciuling of the S, T 

and U paramekrs. In gww11, we cnu cxpautl ,f;i:(l?) md ,f;($) in >L Taylor series 

in p’: 

,f;;;(ji2) = f; + + + i7.t: + 1, 24 P + ,.. (17 

f’&,‘) = .rb’ f &? - ;Tf; - ;J + ,,. (18) 

f0 is just the Higgs ~~KIIU~~ cxpcct~at,iou valw ill the stautlartl nlotlcl. \I,h 11se a 

normalization in wllicll .f$(O) = 1/4fiG~~, or f,,.(O) z 123 Gel’. Fu~tlwm~ore. note 

that the (isospin-l,~caliing) T parainekr is just, a rcwrit~iq of t,lic 0 paramet.w, since 

p = f&(0)/f:(O). Tllc pxanwt~vrs 0 and w’ NC tllc iso.sl’ill-collsc!~~illl: and isospin- 

breaking ~neasures rcspccti\cly of physics cont~rillntiiig to t,llc ,,‘) vvollltiou of the 

low-energy effective t~lmxy. The 11” cspmsiou ilbont mw is strictly valid only for 

heavy contribut~ions to ho f.t(p’), Ixca~~: siugrthriticx wor~ltl W~II~ for. c.6,. m;~ssless 

neut,rinos n-llicli give - lu$ tmms iu ~7. 7 mid d. Ho~vc~vc~r. t lw l)liysical ~~lcct~rwvcali 
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obser\;?bles actually dcpr~~tl 011 he ,f.y (I?), uot ou their tlcri7xt,ives. i~mtl t,llc j.y (p’) 

are not singular, only t,heir tlerixxtivw arc a,t 1,’ - 0. 

With the convent~ional dcfinitiolts of S, T and C [Cl: 

(19) 

T = 
4?r 

sill” 0 cos2 OAfi (IT* - mu],,!,,, 

I- = lG+I* - L],;, =,,, 

(20) 

we can obt~aiii the follun-ill:: u,l;lt~iolls to t,llcs dwi~y umstaut piwunt’tcrs int~rotluced 

above: 

~ = 2s + 1- 
1Gn 

,=c- 
1%’ 

7= 
sin’ 0 cosL H:\IiT 

4?r$ 
= ;T. (22) 

Note that, in the limit, of exact, mstodial SU(2) sy~nmc?rg. T = C- = 0. and S is 

equkalent, to 0 and I)al.illll(‘t(‘i.i~‘.(,s tllc p’! ewlut~iotl ~1’ .f’ ill tllcx tllwry. 

Let us nbw focus u1mn the quaut,it,y: 

.t”(],‘) = -$ [rry - np (23) 

defined it1 krms of he vwt,or wtl axial-vcckx cumwt corrclators. First, WC cowpnk 

TI,v,: 

[~&VP%,’ 
f3 = ; (01 T ,ci;-,,,,,c111 &, 2 f,:, 10) 

i\,$<, ‘I 
= An.2 - /, td.1: [x(1 - ~I.)(~~I‘“/i2 - [,&,),I 

x 111{ >\P/( d - .r( 1 - .I,)&} (24) 

Nok that this c’spwssioll is trans~rrsc, as it slmultl 1~. owiu:: to thr w~wrvc~l Trctol 
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curre11t (WC), p”~iq~,(~j/2)L~ = 0. Now we con1putc nyl: 

[n~~w),,” 

T3 T3 
= i (01 T &,J5p (&y IO) 

.\;-c ’ 

-1 [ 
cln: 

1 

= Aa’2 ” 
n:( 1 - .l:)(g$‘,p- - I’,$“) - (/,,Jll” 1 

x Ill { .\I’/(IU” - .c( 1 - .C 11’2)) (25) 

This expression is not tmnsvcrse, owing to the dynamical symmcbry hcaking (IX # 0). 

However. if we now sum tllc lcatling large-:V~c, cffwth of tllc K.JL interact,ious. and 

tnalie use of the gap equation. wc form the Goltlst~oi~c~ pole iii tile usnill nay. and then 

t,he full amplitude Ixcoi~ic’s triluswrse: 

[fij”;‘l(P’),,~ = 41r” 3qll,,, - [h-$1’ t/,l: [.L.( 1 - .,.)$ - ,,,‘I 

x Ill { ,lP/(nz? - .r:( 1 - .r)$)} (26) 

These expressions contain the meal lnu’e I\l~~~nl~~~~ ~.Joua-L,asinio rwult for t,hc decay 

c011sta11t: 

fyp2) = -; [na;l’ - fi;g 

= g$ /u’ tlx( nr”) ln[.lI”/( ,I? - .I.( 1 - .I.),‘.!)]. (27) 

It is inst,ructi\:e bo witc tlic c~slmssions for geucral ‘l)i* [9]: 
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We write f,‘$,, and f,& t,o tlcuot,c that. t&se quantities iuc obt,a,inctl ill t,hc XJL appros- 

imatiou. Expancliug ill 12 and estractiug the coefficicuts WC find for the S parameter: 

.%I = 2 [I - ; 111 {,,,:,,d}] , (29) 

while 2’ is, module an overdl factor, just the usual \~~elt,man cspwssion for 6~: 

To = 
J&y. 

4?r siu’ H wsz S:\I$ (30) 

This is the standd rcwdt for fuw fermion loops. H~Mx~, a spol~t,;meously l,roltetl 

technicolor produces ill the. S.JL ill)prosimat,ioll the 11sne1 frw fkrmioll lo(q) wslllt, for 

S. We note that for ,t~+ = II!_, T = L: = 0. 

Next,, we incluclc t,lw atltlitiomd vcct,or-vector imtl RSi;ll-T.(~(.t(~l.~~ilSii~l-\.ect,or t,erms 

of the full interact,iou Lqpmgiau. These arc gclw~;\t(:d wh~ll one p(:rfo:ms I)u]~l,le 

sums of the vector-\rct,or a~1 ;l,sial-\.ccto~-;l.sial-~cc:to~ terms. The fill1 I)ul~l)]e sum 

of the vector-vect,or iukractioll yicltls: 

[up],” = %Lr/,,u - !!!!Ej 
ii 1”) (31) 

& r/x .L.( 1 - .r:)p’ 111 { :U”,/( !I!-) - .I.( 1 - ,(.)I?)} 

’ [ 1 - (G:\‘7.(:/47+) ,,’ r/x :I,( 1 - x)/j” 111 { .\I?/( 111’) - x( 1 - .r)p’)}] ’ 

where G = y2(M”)/M 

We also Sum the fill1 axial-wct,or amplitutkx (note that t,llis is it tloul,lc sllmllliltion. 

of those interactions producing t.he Goldstone pole togetllor wit.11 t,lle ;lsi;ll-vrctop 

axial-vector vertices): 

rq:1 (II? hu = ET&” - f&E) (32) 

s,’ r/x (:L.( 1 - .r)p’ - ~1~) 111 { :\I’/( /II’) - .I,( 1 - .i.jp’)} 

’ [l - (G&c./47r”) s,’ rl.r (.I.( 1 - .l.)p2 - 1112) 111 { .\P/(,,r” - x( 1 - .l.)pz)}] 
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We now olxerre t,hnt, lhe t,hcory gencra,tcs vi;r~kul vwtor meson pol~5. 1Ve refer 

to these as virtual ~~sonmces lxxausc the poles ocmr at. 1;’ > 111“. which is beyond 

the domain of validit,y of the cffect,iw theory. For 1;’ > Al’, t,hcrr are only quasi- 

free technifermions and uo ImultI states. Nowthclcss. tlic c+fccts of these analogue 

resonances are real 011 scales p’ < .\I ‘, and they give it mut.rivial rcsolt, for S. 

We cau consider t,hc rat,io of t,lic tlcnoiuimbors of cqs. (31 ) 2~1 (32) at p’ = 0 as a 

definition of the ratio of the off-shell mass-squaws of t,lw xwt~or (p) and asial-rwtor 

(Al) resonances, nij/~n:,, : 

m2 A- .\I; 
, ,!I, \ ,u(f + l!hQ In(df”/d) 

where A{: = 4x’/G~\~,~i. \\‘r uow rllar: 

&&.\I” 
‘, = 

4a” 
= .\I”j.\I(y 

(33) 

Recall that 11 = 1 corrcspo& t,o the critical coupling, md that, wuclcnsatim requires 

17 > 1. The gap equat,ion then st,at,cs: 

1 = ‘1 1 - g ln(.\lZ/,,r”) 
1 I 

(35) 

so we obtain: 2 mp _ 1 
.)- 
%, ‘I 

(36) 

Our model does not give the usual \\:cinbrrg sum !-ulc wsnlt~ fur QCD. that rllis ratio is 

one-half. nor should it. \\‘e do not hare real p and ;I, wso~~~w~~s. iuid wc camot~ argue 

that U,.,~J - II..., is sat,nratc:d by wsoiia~nces. 11’ sl~oultl not, cspcct~ t,hc presents model, 

which captures t,llc frat.urw of Airal synuwt.ry Incakilq dyuunic5. to Ix applical~le 

in general t,o QCD. III l~xt~i~~~l~~~. the local iutcraction tlws not. coufi~lc. Thus t,he 

model cannot be t,akeu as very accuraw for t,lle Iligllvr (e.g., vvcmr) st,ates of QCD. 

On the other hand, t,lw four-fccrmion iut~cractiou cqs.(-l.j) is e:cc~t iu tbc I~tokru case, 
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subject only t,o t,he low-cwcrgy iutl large-!\’ app~osillliltiolls. So we should cqxct t,he 

results t,o be reasonaldc for I~roltnn tcchnicolor. 

Now we compute S: 

s = -ii;& [ih - Ti,1..1],,‘=” 

= z 1 + (l,,(.\l’/,rr”) - l)(l - $) 
/ 1 1 (37) 

where we note that the lu( :\I”/II~‘) is a funct.ion of ‘1 1)). t,hc gap equation (8, 35). This 

celatiou. is plotted in Figuw 1. autl 7vc (liscllss it, iu tllc c’ouclusions. Kot,ice t,llat, when 

we tune t,he t,heory war to crit~icdity, r, -+ l+. ;rutl S rcd~ccs t,o the conventional 

free fcrmion loop rcsdt,. .Y,,,c,/G;r. Tlw model cdcld;\t,iou Iwromcs unwlial~lc as the 

logarithm becomes small, IWCRII~C t,llc miw gzt*j lit ~pproid~~s t,llc rllt,off :U. Xotice 

that with 171 < M the l)x:unctc~r S tlocs uot tll-011 Iwlon- t,lw fux: fermion loop value. 

III. Effective Lagrangian Approach 

It is instructive t,o anal~zc t,he virt,nal vector meson cffcct.5 by nxy of nn effective 

action approa~ch. \1?e rcnrit,c the four-fwniou intvwctiou L;igrangiau lay introducing 

auxiliary fields which cor~spontl fo Higgs, twlmi-/j ad t,vclm--4, sktcs. These 

ausiliuy fields are ilon-tl!:~l;~micill at, t,hc scale 211, having 110 kiuctic terms. l)llt they 

become tlyiiamical fields from the cffkct~ of t,lic fwmion locales ils w 1~~01~~~~ the c+fcct,ive 

adion to scales /f, < -11. 1\ye cannot, wguc that, tlww iirv 1-d prupqat,ing fic~ltls since 

the energy scale of the poli5 for thrsc Yirt,nal wsoui~i~~~~ st;ltci is ils hrrgr as the 

cutoff scale M. But, in computCug S one is int.ercst~rtl iu t.hc lonv--energy effect of the 

virtual resonance I;inet,ic terms. id one can rclialdy olxaiu the correct, answer in t,his 

approxh. Hence, in this scct,iou w-e briefly esplaiu how t,o ol,t,G S ill t,lle c~ffcctive 

a&on method. \\% prucrctl in tvo steps. First,. WC iutrotl~w ~ulsiliwy fields to rewrite 

the Lagrangia.n. By inbeyrating out, the trclm-fermion dcgrcc~s of freetlom, w obt,ain 

the effective action foL t,he Higgs, tcclm-/J, t~cclmi-.4, ( illld S11(2),~ x L’( 1)). gauge 

fields UT,, and B,<. In the sccoutl st,cp. we climiuiltr thr tduli-0 imtl tdm-.4, using 
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the equation of motion. In this way we obtain the lcnvrnergy effective Lagranginn 

for the sum x U( 1)~ gauge fields. The S paramckr is easily wad off t,he IV;! - BP 

mixing term in the lo~~:~energy effcdvr La~grarigian. 

The full La,grangian of SBTC. after introducing auxiliary fields, is: 

c = (y 

( 

+f’D,, - <qT _ <I,’ A+) v: 

+j tr(@#) - $ tg/,y + .@p), (38) 

where: 

1 +-I5 
D,, = itI,, - I~.;‘ - .4,,yi - g,D,, 2 (39) 

For the sake of brevit,). WC wik 

:1 
a E c 

n=O 
(I)~~, 1,;‘ c 2 

0=” 
l.$ 

:1 
.4,e E ,y A;:?> 

ct=” 

\zJfp s 2 1~1 ;:’ ; 1 B so?! /I I’ a= 1 2 1 (40) 

where 7" = 1. 91 and gj arc! respcctCwly t,lle a( 1)). autl SI,‘(2),d c~oupling ro11stauts. 

It is convenient to make a shift of varialdcs as follows: 

\i -t I;, _ tiB - $\c;, 
2 ” 

A,, 4 A,- $B,,+$W;,. (41) 

After shift,ing the fields ant1 intcgut.ing ant. the fknnion tlcgwcs of fwdom. the effec- 

tive act,ion becomes: 

I = -iXTc l-r 111 %y”~,, - a- + 7” 1 - <I,+ ___ 7” 1 - 
2 2 
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+ J d4.r ( 
AT” -2$ t,r(<bQt) - + tr(r/;, - +,, - pJ’ 

+t,r(*A - ?iB + 21;p* )’ v ‘2 ,I 2 I’ 1 (42) 

We obtain the kiuet,ic term, cubic intcract,ion t,erul, etc., of the cffect,ive action by 

expanding the above esprmsioll in teruls of the fields arowtl t,llc ~XIIII~~. The va~cuum 

expectation value of <I) = I)I s;ltisfies the gap equation: 

I 
ri’p 4.yri, - 1 .\I’ 

(2x)4 1j2 _ ,,,2 = 7 (43) 

Using t,he auxiliary field m*thotl. the htling term ill t,hc l/:\,:rc. c~xpmsion is obt,ained 

by carrying out t,lw fcrlniou w~c~-loop calcnlatioll. Tlw kiwtir term which is relevant 

to calculahg the S paramctcr is: 

++I;< - yB&, - ~W;,) + tr(.-L,, - $D,< + TII,;,)‘) 
I 

(44) 

Here: 

.\$c 1 
CL($) = __ 

J (27T)‘-’ 0 
r/.1: .x( 1 - .c) In[V/( I/?‘? - .1.( 1 - .t.)q’)] 

.VT(y ’ 
Q(g) = - 

i (2a)‘L ” 
c1.r ln[.~P/(,,r’ - .i.( 1 - .,.)q’)). (45) 

We have used t,lle witary gangc so that, the Nimh Goltlitouc I)owns are alrmdy 
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abo.sorbed into the axial--vector fields. The kinetic terms for Higgs a,llcl cl~argecl scalars 

are omitted hause thy are hclcva~nt t,o the S pkl,r;mle+,cr. 

In order to obtain t,lie lol~~~~c~uc:rgy &ective xt,iol1. ulle 11x to elimillat,e teclmi-p 

and techi--41 by using the equaztions of motion. The solutions of t,lle equat,iolls of 
motion for the previous action are. 

1::’ = 
( 

‘> 
-‘I-9,‘” + q,&b + ~ 

q.1 - ,,I,2 W 
P ) 

$, ,,.“” 

“;: = -l!$ -i25/,ty + q,, (I,, 
1,/y, ,( ‘11 - 1,l’) + c/p 

.-I I ) 
p’“, 

(46) 

for 0 = 1,2, and: 

v, = -‘I-!/m + q,‘q” 
( ” ‘I” - ,I?,‘! + g+, 

P ) 
( p + ply 

A; = -i”( -~‘~,w + q,$q” 
1n- .-I , q’ - ,a2 :I , 

+ fJ,lu (pu _ p), 
1 (47) 

,n,; = i\‘*cw 
c,g” 

CLIf12 d,, = - Cl + ,,I,;. 

Substit.uting this esprwsion into ecl.(44), 

IL;,* = 1 J d"q - 
2 (27r)4 

1 
y‘\y[( -(q,(,‘lY + q,‘qY) _ 

( ) 
$$ /,I; 

$ _ ,)>,-‘( 4Ii”” + q”$) i’ 

t-18) 

+& 

0 

m2 

-1 
-$’ “21,s’g~J” + c, qz ““t2 

.A, 
(-‘Iyg”” + q”f))] 

ii , 
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Now ~vve can conlplt,c’ t,llc, S 1x~ra~~~1rtcr. From eq.( 19) the .S parameter ci,n be 
written as: 

s = -lGdlj,,.(O). (50) 

where II3y is just t,llc rooffiricilt, of t,lle ~,cJJD,,II+ tmll ill tllc c:ffcct,i\c ;Ict,ioll. \Ve 

therefore have: 

1 &)’ = - 
r,r, 

1 ‘I 
,>c,q2 - 

Ill2 
4 q’ - ,I’; --$(Wl12 + ‘1” “‘f,,,! c, q’) 

.A , .I, 1 
It call RlSO IX SllOlVll hiat tlic first, term is II\,,, antI tlic sccolltl tcrlll is -n,.,.~, 

Substituting his eqm~ssioli ;u~l cq.(45) ilIt, q.( ,X). vi’ r)l,tilill 

which is <as in eq.(37) nit,11 ‘7, = ,I,,;, /u,:. 

IV. Breaking of Technicolor 

(51) 

HOW is the t~echnicolor int~eract,ion Ixokcn’? Tile Ixealting ~:all pit,her illvol\:e addi- 

tional iiit~eract,ions, a solilrwlli~t cpic:clic scel~;~,rio. 01‘ it ~llily o(yy1r ill cert,?ill gauge 

theories mt,onlaticdly. IVhile we Ilaw no compellil~g self-tlcst,lll(~tillg t]leorips ill mil~d, 

they cm certainly exist, ( Yumlhg” [15]). Tl le nnitwy. ortl~ogo~~;~~l a~1 ~~scc~ptional 
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Lie groups have conlplcs (cbiral) wpresentatioms and t,hus in principle can break 

themselws. (Symplect,ic grottps are real.) Uafortur~akly, t,lxre arc 110 chiral gauge 

theories, at least with minimal fermion content, that heali themselves completely or 

become null in the seixe tlefincd earlier [lG]. 

As a mininml toy example. consider a chiral SU( 3) model. Chiral asynq~totically 

free, anoma,ly-free SU( ;V) heories were &&fed by Eichtrn, Kang a,ud Koh [17]. 

The SU(3) model requires sewn 5 and one 6 relwescntations. The degenerate most 

attract,iw channels for rondensat,ion are the 3 of t,llc 5 @ 6 and the 6 of the 6 @ 

6. There is, after inst,anron effects are taken into account, a glolxtl symmetry of 

SU(i) x C( 1). The elcctroweak theory is eml~~ldcd 1)~ assenhling four 3 int,o t.wo 

electroweak doublets Ivit,ll hylw~l~arges I- = fl. Icaving t,hr remaining t,lxee 3 and 

the 6 as electroweak singlek. The hyl~~charge group can Ix enhedded in an SU( 2)~ 

symmetry. The theory has no electrolveali, TC or miscd anomalies. The electroweak 

corrections t,o the effect,ivc pokntial of the vacuum fwor t,he 3 of the 3 Qi 6 as the 

most attractive channel. where tlic 3 are the clect~oweal; tlonlht~s. thus preserving the 

W(2) custodial symmct~ry. The SLr(3).1.~ is Ixoh t.o SLT( 2),-(- by this ~ac~~un~. and 

five of the eight tcchniglnol~s xquirc mrass. The clect~roural; SC-(2)~. autl t,he a( 1)~ 

are broken. as neith is a vcct,or symniet~ry. Thr Li( 1)). is not, vcrtor-like. in spite 

of the hypercharge assigmneut,s, Ixca~use the rlectron:cali tloul,lct,s arc uot, vcct~or-like 

under the SU(3)rc. The rlect~romagnetic Lr( 1)~ snbgrollp is mhrol;en, lxcausc it is 

vector-like - the renmiiiing SU( 2)~c is pseudoreal, and tllc 2 and Z reprcsent~ations 

can be assembled to form Dirac fe~mions. The Vafa-\\Yttcn t,lleo~~u a:@ applies 

here, forl~iclding t,he dpamical healting of vector s\mmctries. 

Applying t.he NJL technicpcs and results of section II to his model results in a 

mass gap of 171, N i20 Ge\r and a t,echnigluon mass of :\I N Z’O GeV, with ‘1 = 3. 

Since the tecllaicoildcnsatcs Ixeali I,ot,h t,lle t~cclmicolor au1 clcct~owcal~ groups, the 

TC coupling is g(M) = 2.7iO GeV/246 GeV N 6.3. This small hiernrchy is at the 

edge of the NJL model’s reliability (and the a,rglmxnt of t,llc log has been taken to 

be 1 + Al/,m to allow hger 71). 
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After the elect~rowealt embedding, the glol~~~l symmct,ry is holtrn t.o SU(3) x 

SU(2)L x [U( 1)]3; after spont~aneous symmetry ImalKlow, a glolXl~1 W(3) x U( 1) 

rema,ins and t,here are the Goldstoue bosons ea,teu by the TV aud 2, two EW singlet 

true Goldstones, and eight, I~seudoGolclstones of mass 150-200 GeV. The Higgses 

behave, below the cut,off, like a two-doublet Higgs t,heory [lS]. The charged and light 

neutral Higgses have mass of about, 100 Gel:, the pseudoscalar ‘,asion” a somewhat 

lighter mass. and the hca~y ucutral Higgs a mass of about 900 GeV. There is also a 

scalar isotriplet. The t,ccllnifc~illiolls~ils acquire dynamical Dirac masses coupling the 3 

electroweak doublets aud t,llc 6. Thre are one masslcss clectro~~~ea,l~/SL’(2)TC singlet 

and t,wo electroweal;/S(‘~(%)~~ doublets of mass a(?20 GeV) = 1020 GcV. The 

SiY(2)~c confines t,hc latt,cr at 200 GeV. 11s ‘e cau cst~imat~e he S from fca~mion loops 

using bhe Mhle formula cq.[ 37). For ho doublck, S = (2/3n)(O.X) = 0.17. From 

SU(~)TC technigluou c~liaugc across the loop. thcv are pcrtuhtivr corrections 

- 30%, but impossil~lc to comljubc at only lowest. ortl~ [19]. The Iloii-l’crt,llrbative 

SU(2)T~ corrections cim 1~ cst~imated using t,lic mct,llods of Pagels and Stoh PZO] 

to be negligible. There arc scalar (Higgs and l)se~~tloGoltlstoi~e) cout,rihtious t.o S 

which are next, o&r iu l/.\?~c., as well as high order corrections in r/5, and we 

have no systemat,ic way t,o include all other corrcctiolls of this order. The &imate 

S x 0.17 is probably too hrgc for current electrowcalt limits. There are adtlitioual 

condensates. The SL( 2)l.c is l~cudoreal nutl t,llus caunot 1~~1; i&f. but the Icft,-ovei 

global SU(3) x U( 1) is hohi completely, with he adtlit~ional clcctrowcak singlet 

true Goldstones. This SU( 3) motlcl: while not roalist,ic. may 1~ t&n as a kind of 

optimal case, inasmuch as t,lie model is self-contaiucd, and th leiiinant~ SC( 2)rc, 

while not null, is the smallest uon-Abelisu group. The l~oblenr wit,h self--contained 

models of this l&d is clear: they rcquirc too many dcgrces of freedom colitriht,ing 

to s. 

Ultima~tely, it. is necessa,ry t,o maintain the smallest numb of iitltlitiona~l degrees 

of freedom possible iu order to minimize 5’. Thus, a fourth generation or a t,op- 

condensate scheme may hvc some atlva.ntages. The argumrnts prcsent,ed here do 

not apply directly t,o a, “top~:olor” model [lo] since t,llrrc out has a masimall>, broken 
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custodial SU(2). There we cspect the formula for S t,o resemble eq.(29). in which 

case negat,ive S can readily occw. However, the T constraint would seem to disfavor 

such a model since evident,ly ,ulO,, cannot be as large as oue wo~dd espect if the new 

physics is at N 1 TeV. Nexwt~lwlcss. it, is interesting t,o ask how Ixge t,he effects of 

the virtual rescxmnccs are 011 blie T parameter, since one might, expect a suppression 

of T for large ln,Op in such il schrine. ;\n iiivcstigat,ion of this quest~ioll is underway. 

V. Conclusions 

In Figure 1 we plot, t,hc rcslllt, for 5’ as obt~aiucxl iu t,hc fcwniou I~~~bble approxi- 

mation to our model of ccl.[ 4). Here we use oq.(37) t,og:ct,lwr wit,li t,lle ga,p equabon 

constraint, eq.(35), upon t,llc ~mmnctcr ‘7. The gal, qwtiou implies that, ‘!I can he 

viewed as a funct,ion of the luilss ratio Al/7n. so it is also plot,tctl. The oue-doublet 

free-ferniion loop colitrilmt~ioii corresponds t,o Gn.S/i\-~c = 1. \\i, see t,hat the effect 

of the virtual vect,or technimrsons is bo increase S slight,ly for st,rong coupling. The 

approxiinat,ions of t,lre mo(lcl arc not, valid for lii(Af”/~~f”) 5 2. for we t,heu become 

sensitive to higher orders in ~r,“/:\l’. For esan~plc, the n~asinnun value of 17 permit- 

ted, such that the gap equation ha.. a nont.rivial solution. dcpcnds upon t,he argwnent 

of the logarithm. For it logarit,llm of the form In( Af.‘/~jr’) WC fiutl ‘1 5 l.F. while t.he 

form 1n(A3?/1n2 + 1) UY find ‘,I z$ 3.3. The physical tliffercucc Ixt,ww t,hcsc forms 

are terms of higher order in ~,r,‘/Al”, and we camlot, reliably c,omput,c their effects. 

Indeed, in writing cq,( 4) as t,lle cffectiw Lagraq+u, we Ilavct ;~lreatly discarded the 

higher order terms in an operat,or product espansiou of t,he c!ffcck of single massive 

technigluon escha,ngc. 

Our model approsimat,es all of t,he dynamics as pure s-wave. Olxiousl~~, a confin- 

ing theory has strong higher partial waves, and we would cxpcct. t,hesr bo contribute to 

5’. The resu1t.s of I’esltiu wd Takeuchi [Cl, which rcHcx:t, the full coufiucmc’nt, effects of 

QCD through t,he saturation of t.he II,.,, -II,,.., by t.he real I, ~mtl .A, rcsonanccs, yield 

Gas/A&. N 2. The pure s+wavr result of our analysis of virt,ual p and -41 resonances 

is 67rS/iV~~ FZ 1.5 n-hen q is maximal. Thus our results do capture some of the effects 
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of a full QCD-like theory. The l;cy point of our present analysis is t,lM we uay choose 

q -+ 1 without drastic fiuet,uning, and suppress S sanewhat t.oward the free-fermion 

loop result. For example. choosing :11/m N 10 yields GrS/:V~c N 1.3 and 11 N 1.05. 

The behavior of the function of cq.(37) also ~~110~s a reduction of S for 17 2 1.4 with 

.&l/m ,$ 3, though this is a less reliable limit of the approsilnation. (Not,e tlmt in the 

extreme example of the top c:ontlellsate scheme whcrc :ll/tir, is fine-t,unctl t,o N 1015 

we see that there is negligil~lc viyt.nal v2souaxe effects upo*l S.) 

Spontaneously Ixol;en tcclmicolor t,hus offers a mild atl\xnt~agc in reducing the 

unwanted rc~onanc~ cont,ril)ut~ious t,o S. In cst,imating S iu an SBTC theory one can 

rely upon the free-fermial loop wsnlt of Xj,c/Ga if one is williug t,o t,olera,t.e some 

fineet,uning near t,o t,hc cl-it,icitl rouplillg regime. Wr cmpllasizc t~lmtwc 11;we Ilot, given 

5 method for engineering a motlcl wit,11 negat,iw S. 

There is no good IWSOII, in light of t,he st,rong ETC gynmast~ics that, we required 

to mainta,in snlall flayor-&iq$iig lxmt,rid current pmcesses alltl a heavy top Cllla~li 

13, 41, to argue that teclmicolor riced lx an ulll>roltell. QCD -like t,lwory wit,11 confined 

techniqunrl~s. A strong. l~rolxxi ga,uge tlvxxy voultl lw a Iwvrlt,y in nat,ure. hut there 

is no reason bo rule out t,he possibility. For elect.rome;~l< symmct,ry lxcalting it is 

clearly nccessa~ry to maint,iGi t,he sniallest~ nuirilx~ of tlrgx~~s of fwctlom possible in 

order to minimize S. .A fourth gcncratioii schcmc. sllc:h as tlw motlel of rcf.[ll], 

or a top-condensatr scl~cmc [9. IO], tllus 11~s clear atlwmt~agcs. ~IIKI w Iia\v briefly 

discussed others. This is obviously not, an cshaustive list. antI tlwrc may pro\-c t,o be 

other adwmta,ges to model l)uiltling ill which teclmicolor, togcthcr wit,11 its estclision, 

is spontaneously Ix&w. 
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Figure Caption 

1. The S parameter, as olhinetl ill t,lle fcrmion bubble approximation (solid line), 

eq.(37) is plotted against ln(Al’/m”). Here t,he gap equa~tion const,raint. eq.(35), is 

implemented for t,he parameter I,, which is also plott~etl (dashed line). 
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