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   In the light of  rGccnt･  disc:overy of  a  very  hea,vy top quark,  we  reexamine  t/he top quark
condensate  modcl  proposed  by AtTiransky, Tanaba,shi and  Yh,mawaki  (MTY) and  bF,r Nambu.

We  first review  the original  MTY  formulation bascd on  the  ladder Schwinger-Dy6on  equation

and  the Pagels-Stokar formula. It is particularly  emphasized  that the eritical  pheiiomeiioii

gives a  slrnple  reason  why  the top  quark  ca,ll have all exti'ernely  ]arge inass  corripared  with

other  qiiarks and  leptolls. Then  we  discuss the Bardeen-Hill-I.indner (BHL) formulation
based  on  t･he reiiorrnalizat･ion-group  equation  and  the cornpositeness  condition,  which  suc-

cessfu11y  picks up  1IN.-sub-leading  eff'ccts  disregarded by MTY.  In fact BHL  is equivaleiit  to
MTY  at  the  ]/N.-leading  erder.  Such a  simplest  version  of' the model  preclicts the top quark
mass,  mt  N  250GeV  (MTY) and  mt  rt  220GeV  (BHL), for the  cutoff  on  the Plai]ck scale.

Iri this version  we  cannot  take  the cutoff  beyond  the Ltuidau pole  ol' U(1,)y gauge  coupling,

which  yields a  miniinum  value  of  the top  mass  p]'ediction rnt bt 200GeV.  Wk) then  propose a

i[top
 mode  walking  GUT":  The  standard  gauge groups are  unified  into a  ("walkiiig") GUT

so  that  the cutoff  can  bc taken t･o infinit･y thanks to the renorinalizability  of  the tbur-fermion
theory  coup]ed  to  

"walking"
 gauge  theor.v. 

rl)he
 top  and  Hliggs niass  prediction  is then  con-

trolled  by thc Pelldleton-Ross inErared fixed poini/ at  GUT  scale  ancl  can  naturally  lead to
Trtt tt  

'rnll
 rt  180GeV.

gl. Introduction

    As  ik stands  now,  the  standard  mode}  (Sb･O is a  ve.ry successt'ul  framewoTk for de-
scribing  elementary  particles in the  low energy  region,  say,  less than  100 GeV.  However

one  of  the most  mysterious  parts of  the  thc:ory,  the or'igin  of mas,s,  has long been  left

unexplained.  Actually, mass  of  all particles in the SM  is att:ibuted  to a  singZe  order

parameter, t/he vacuuin  expec;tation  valuc  of  the I'giggs doublet ([L. 250  GeV).  Thus  t･he

prc)blem  of  the origin  of  mass  is simply  reduc;ed  to understanding  dyna.mics of  the  Higgs

sector,

    Recently the elusive  tep  quark  has been  finally discovered and  
'fou,nd

 to  have a  mass

of  about  18e GeV,i)  roughly  on  a;he order  of  weak  scale  25e GeV,  This is extremely

large compared  with  mass  of  all  other  quarks and  lcptons and  seenis  a:o suggest  a  special

role  of  the  top quark  in the electroweak  syminetry  breaking, the origin  of  mass,  and

hence a  strong  connection  with  the  Higgs boson jtself.

    Such  a  situation  can  be most  naturally  understood  by the  top  quark  condensate

proposed  by. )v'firansky, [Ta,nabashi and  YmLa,waki ("(lrTY)2)'3) and  by Nainbu4) inde-

pendently.  This entirely  replaces  the  standard  Higgs doublet by  a  composite  one  formed

by  a  strongly  coupled  short  range  dynamics (four-fermion in'Leraction) which  triggers

the  top  quark  c;ondensate.  The  Higgs bosorL emerges  as  a  tt bound state  and  hence is

deeply connected  with  the top, quark  itself. Thus  the  model  rnal}r be called  
"top

 mode

standarcl  model"  
3)

 in contrast  to the S)L{ (inay be called  
`CHiggs

 mode  standard  model"  ),
The  model  xnras further developed by the  renormalization-group  (RG) rnethod.5))6)

    Once  we  understand  that  the  top  quark  mass  is of  the  weak  scale  order,  thcn  thc
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question  is "rhy, other  quarks aiid  k.:pt,ons have  vcry, si'nall  i-?.ss  coinpare(l  with  the  wea,k

seale.  Actually, t･he Yukawa  coupling  is diinensionless and  heiice naturally  expected  to

be of  O(1), rThis
 is the  question  that A･{TY2),3) solved  i/n the t,op quark  colldensate

t･hrough  the amplification  of  the  symnietry  violation  in the critical  phenomenon.

    A,ITY2) introduced explicit  four-fox'nTion iu.teractions rcsl)o"sible  for the top quark
c.ondensate  in addition  to the  standard  gauge  couplings.  Ila,scd on  the explicit  solution

of  i,he Ia(ider SD  equation7)'8)  and  the  ?agels-Stokar (E'S)9) forinula, ",E[I]Y prcdicted
t･he top quark  inass  to be about  250 GeV  (for the  Planck scalc  cutoff),  which  actually

coillcides  with  the weak  scale.  A,'lrl"Y also  found that even  if all the dimcnsionless four-
fermien couplings  are  of  C(1), only,  the ceiipling  largcr thaTi the critical  coupling  yields
non-zero  (large) mass,  while  others  cio just zero  masses.  [I]his is a  salicnt  featuT'e o[' t,he

cr'itical  phenomenon,  k･ should  be emphasized  that the  MTY  prediction (receipt date:
Jaii, 3, 1989) 2) was  rnade  when  the  Iower bound of  the  top  qnark  mass  through  direct
experiment  was  only  28 GcV  (T'R,ISTAN value)  alld  many  theorists (illcluding SUSY

enthusiasts)  wcrc  still  expectillg  the  va]ue  below  100 GeV.  It iTJ fa,ct appeared  absurd

at  that  time  to claiin  a  top  inass  ori  i',he er'der  of  weak  scale,  [ll]hus such  a  large top

ina･ss  was  really  a  pu7'ediction ot' the in()del.

    
rE]he

 Triode]  wa,s  further forniulat,ed iii all ci]cgant  fashion by  Bardecm, E[i].1 aricl

Lindner (BHL) 6) in the SM, languagc, based on  the R.(ll equation  and  the composii',eness
conditioll.  B}IL incorporated composite  Riggs loop cift}cts  as  wcll  as  thc SU(2)L  × U(1 )y
gauge  boson loops. Such  effhcts  kirnecl out  t.o rcduce  the  a,bove  MTY  va,luc  250  CleV

(lowii  t,o 22e GeV,  a  soinewha,t  sinailer  valtLe  but stili oll the  order  of  the, wciak  sca,le.

Although  the  prediction appears  to be substant,ially  highcr than  the  cxperimental  value

menti()ned  above,  t,here st/i],1 rema,i/ns  a  possibilit･y that  (at least) an  essent･ial  feature of

the top quark  conclensate  idea may,  eventual]y  survivc.

    Iit this talk  we  reexainine  the simples'L'  xr･ersion  of  
iL'he

 top  quark  cov.densate  in

view  ef  the  recenz  discovery, 
'L)
 of  a  heavy top  quark.  "Te first review  the top  quark

condensate  model  based on  the  explicit  t'e'ur-fermion interactions introduccd by

MTY.2)'3)  Combined  with  thc  standard  gaugo, interactions, dynamics  of  the  rriodel

becomes  a  gauged  Nambu-Jona-Lasinio  (NjL) iiiodcl,  11LXe theii cxplain  the MTY  anal-

ysis of  the  model  done  in the ladder Sl]) equation  at･ the l/N2. Ieading order,  Vitle
shall  emphasize  how  a  criticag  phenomc,7bon  irnplied by  the $olution  llatui'ally  explaiits

why  quarks and  leptoiis other  than  the  top  quark  can  have extraordinarily  small  mass

compared  with  the  weak  scale,

    As te coiicr'ete  mass  prediction, solutio=･  of  the  SD  equation  should  be combined

with  the PS  fbrmula9) for the  decay constan't  ofthc  composite  Nambu-Goldstone  (NG)
bosens, f7}, : 250GeV,  which  determines the overall  scale  of  the solution,  namely  the
top  mass.  "k] t/he.n expla,i-,  

'the
 B}IL6) forrnulation based on  the RG  equat･ion  and

the  compo6iteness  condition.  It; essentially  ii].corporates 1/N,  sub-leading  effects  such

as  those of. the composite  EIiggs loops and  SU(2)L  ×  U(1)v  gaus.e boson  loops which

wcre  disregarded by the  M"ff\ formulation. 1]Vk] shall  explieitly  see  that  BI'IL is in fact

equivalcnt  to ts'f'TY at  1/M-leadiiig  or(ier.  As  far n,s the  cuteff  is below  the Planck

scale,  the  t･op quark  mass  prediction has a  lower bound:  mt  rt 250GeV  (IN･tTY) or

mt  [)t 220(leV (BH[L).
    X]ife shall  next  experiment'  with  thc idea of  taking i,he cutoff  beyond the Planck
scale.  In this simplest  version,  eveii  if we  "rere  allowed  tb ignore t･he quantum  grav-
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ity effects,  we  cannot  take the  cutoff  beyond  the  Landau  pole of  U(1)y  gauge cou-

pling, which  actually  yields an  absolute  rniiiiinum  value  of  the top mass  prediction  mt

t! 200GeV.  However, if the  standard  gaug;e groups are  unified  into a  ("walking:')")
GU[I], we  may  take the cuteff  to i'nfinity  thanks to the renormalizability  argu-

mentsi2)-]7)  of  the gauged  NJL  rnodel  with  
"walking"

 gauge  coupling.  X]Vb shall  con-

sider  this possibility ("top mode  walking  GUT")  
i8)

 in which  the  top  and  Higgs mass

predic;tion is controlled  by the  PerLd}eton-R,oss (PG) infrared fixed point i9) at  GU[E]

scale  and  can  naturally  lead to nit  rtt mH  it  l80GeV.

g2. [E]bp mode  standard  model

2.1. 7'7zemodel

   Let us  first explaiii  the original  version  of  t}ie t･op quark  cendensate  model  (top
mode  standard  model)  proposed by MTY2)i3) bascd on  explieit  four-fermion interac-
tions, The model  consists  ofthe  standard  three fiimilies of  quarks  and  ],e.p'tons with  the

standard  SU(3)c  × SU(2)L  × U(1)y gauge  1[nteractions but ivithout  ffiygs doublet. In-

stead  of  the  standard  ffiggs sector  MTY  introduced SU(3)c  × SU(2)  1/ × U(1)y-invariant

fbur:fermion interactions among  gnarks and  teptons, the  origin  of' whlch  is expected  to

be a  new  physics  not  specified  at  this moment,  The  new  physics  specifies  the  ult;raviolet,

(UV) scale  (cutoff A) of  the model,  in cont/rast  to the  infrared ('[R) scale  (weak scale

F.  
'"v

 250GeV)  determined  by the  mass  ef  W/Z  bosons,

   The explicit  tbrrn of  such  l'our-ferinion interactions reads:2)i3)

L,f -  [G(i)(･ipLthtt)(diji,thZ)
       +  G(2)(dizvk' ) f[ir2)zk(ir2)j`(diEibet)

       +  a(3)(di1ip,.x7-3)jk("Xthz)] +  h,c., (2･1)

where  i,j, k, l are  the  weak  isospin indices and  G(i), C(2) and  G(:3) are  the  four-fermion
coupling  coiistants  among  top  and  bottom  quarks  ik i;. (t,b). It is straightforward2),3)

to include other  ftLinilies and  leptons into this foTm,

   The  symmetry  structure  (besides SU(3)c)  of  the four-fermioii i"teractions, G(i),

(](2) and  G(3), is SU(2)L × SU(2)R × L7(1)v × U(1).t, SU(2)[. × SU(2)R  × U(1)v  and

SU(2)L  × U(1)y  × U(1)v  × U(1)A, respectively.  [g]he (;t(2) term  is vital  to the  rnass  of

the bottem quark in this inodel.2);3)  In the a,bsence  of  the G(2)-term, <2･1) possesses
a  U(1)A symmetry  which  is explicitly  broken only  by the coler  anomaly  and  plays the

role  of  the  Peccei-Quinn symmetry.  
3)

   Let us  disregard the G(2) t-erm fbr the moment,  in which  case  the  M[J]Y Lagrangian

(2･1) simply  reads

                     ,C4f=Gt(thLtR)2+Gb(iZILbR)2+h,..  (2,2)

   
=)

 Nowada,ys, a  wa]killgiO)  coupling  means  a  very  s]owly  running  coupling  with  A  =  clb  >  1,
where  b,c are  coeficients  of  the  one-loop  beta fun(ttion and  the anomalous  dirnension, respectively;

6(,g) =  -bg3, t'(g) =  c:g2.  In the context  of  renormalizability  of  the gauged  NJL  model,  we  here  use

`[walkingii

 for A  >  1 (slow running)  instead of  A  >  1 (very slow  ruiining,  or  
"standing':).ii}
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with  Gt iii- C(1) +G(3) and  Gb  fii G{1) ･- G(3). The  above'  M[l.rY Lagr:a.rigiem wit/h  Gb  =  e

was  the starting  point  of  BHL6)  but setting  Gb =  0 overlooks  an  important aspcct  of

the  top  quark  condensate,  as  we  will  see  in the  followings.

2,2. Why  mt  >  mb,  ,,, ,.. 9

   "la now  explain  one  of  tlie key points  of  the rnodel,  i.e.., exp]i(;it  dy. Jia,imics  which

gives rise  to a, large isospin violation  in the condensate  <t-t> >  <bb> (mt >  7nb),  or  niore

gcnerally, nat/･urully  expla.ins  why  only  the top  quark  has a  very  large mass.  ]v･1'[FY2)73)

found that, critica,1  phenomenon,  or  theory  having nontrivifi1  VV  fixed point  with  largc

anornalous  dimension, is actvLallLv  such  a  dynamics, based on  the  spontaneous-chiral-

symmetry-breaking  (SxSB) solution  of the. Iadder Sl]) equation  for the gauged  NJL
model,  For the  SU(3).  × SU(2)L  × U(1)y-gaugcd  NJL  i'nodel,  thc  laddcr SD  equation

becomes  sirr]pler  in t/he largc, N.  Iimit･/: Rainbow  diagrams  of  the  S[f(2)L × U(1)y  gauge
boson lilles are  suppressed  compared  vLTith  t･hose of' the QC]]) gluon  lines,

   For simplicity  we  first coiisider  
'L,he

 Ia,clder SD  equat/icm  wit,h  the  non-running  QCI])
(;ouplirag  and  ft)ur-ferlliion coupling  (2･2). "r'ithout･ G(2) terin, the  top  and  bottoin

quarks  satisfy･  deceup]ed ST]) equations,  (We call  easi]y. find a  solutioii  for a/he SD
equation  with  the  G(2) term.)3)  In Euelidean space,  the  ladder SD  equation  for each

quark  propagator  S,7i (p) =  Ai (p2)(16 -  X, (p2))(i =  t, b) in Lanclau gauge  takes the form

(after angular  integration):

           x, (.) ..  2/z, fl 
i2

 dyy lXslX), + L
"2

 dyy gXsl71), K(=,y), (2 3)

where  x  !  ff, K(x,  y) =  A/max(x,y) and  A  is a  UV  ciitoff  (a scale  of  new  physics). We

have defined diTnensionless four-fermion couplings  gi i  CIV,A2!4T2)Gi aikd  A
i:- (3(]2(ffFi)!4T)aQci), "rith  N.(=  3) and  C2(jii) =  (N.2 

-
 1)/21V.(=  4!3) being the

number  of  color  an･d  the quadratic  Casirriir of  thc ferniion color  representat･ioii  F(=  3),

respect/ively,  (Note that' Ai(p2) =  1 iri Landau  gauge  in the  ladder appi'oxiination.)

Thc  dynamical  mass  function is norxnalized  as  Xi(rrt,2･ ) ='='  
'ma.

   Before discussing reality,  let us  look a,t a  sirnplified  case  with  the  QCD  coupling

being switchcd  off  (K(x,y) ="  e), Z]hen  t'his SD  equation  i,s si,mply  reduced  to the  gmp
evvsatiJion  of  the NJL  mede120)  iii 'tlie large jVA Iimit. It is well  known  that the NJL
model  has a  nontrivial  solutien  X(p2) -- corist  =  m  l O for g >  y" =  1. In the  critical

region  (O <  m/A  <  1) the solution  :eads  ("scaling relationi'):

                              (.MA-)
2

 rv. 
yrm1.
 -. b (2 4)

up  i,o logarithui. Iij view  of  the, exist,ence  of  such  a  critical  coupling  g =  g' ==  1,

it is easy  to sec  ihat our  four-ferniion interactions (2･2) can  give a  rrbaximal  isospin

violatiorb  in dynamical mass;  mt  l O and  mb  ==  0, if gt >  g' =  1 >  gb (not necessariZy
gt >  g" >  gb), Equation  (2･4) shows  L'hat tlie dynamical  mass  shaTply  rises  (,o the

order  ef  cutoff,  vn  J:=  (]}(fa), as  the coupling  moves  ofi7 the critical  point.*) [U]hus the

critical  phenerxKmoi] distinguishes the  top  quark  (gt >  g') from all others  (g <  g')

   
'S)

 See ")

 on  page  23.
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qualitatively: mt  # O, rrLothers  =  Oi eVeri

   Now, a  similar  argument  applie$  to

the gauged  NJL  model,  (2･3). The  same

type of  equation  as  (2･3) was  first stud-

ied by Bardeen, Leung a,nd  Lovc2i') in

QED  fbr the  strong  gauge  coupling  re-

gion A >  A. =  lf4, A  fu11 set  of  sponta-

rieeus  chiral  syrrunetry  breaking (SxSB)
solutions  in the whole  (A, g) plane  and  the

critical  line were  foimd by Kondo,  ]N･([ino

and  Yamawaki  and  independently by  Ap-

pelquist, Soldate, Takeuchi  and  Wi,jew-

ardhana,  7)

   [rhe critical  linc in the  (A,g) plane  is

a  generalization of  the critieal  coupling  in

NJL  rnodel.  It is the lir,Le of  t;he second-

order  phase transition separating  sponta-

neously  broken  (m!A l O) and  unbroken

(m/A =  O) phases of  the  chiral  syrnmetry

if a}i  the coupl

1

ingsare O(1).

xk=g"(A)

Syrn,

SB

Fig.1. Critical liue in (A,g) plane,
spontaneously  broken  (S]cSB) phase and  un-

broken phase  (S.vm.) of  the  chiral  symmetry.

(Fig.1):')

AcIt

 separates

g ="  i(1 +  w)2  -  g*,

)t=A. (g< ii)
w  =' Vi iUXItc' ,

The asymptotic  fbTm ef  the solution  of  the ladderSD  e

(O <A<  Ae)

quatlon(2･3)

(2･5)

takes the form: 7)

                   x(p2) p>A.". m  (TPn)
-i+W

 
Ac<ztim

 (;ll) 

-2A,

 (2 6)

which  is reduced  to a  const･ant  mass  function £ i(p2)
 i･ii- const  ==  m  in the pure  NJL  limit

CA -- O) as  it should  be. [I]hreugh operator  product  expansioll  and  R(} equation,

                           s(p2),>.... z]ll (sl,)
cr'r`,

 (2 7)

such  a  slowly  damping  solution  (2･6) actually  corresponds  to a  laTge anoma}ous  dimen-

sion: 8)

                        tym =1+w,  (O <w<  1) (2･8)
at  the  critical  line for O <  )t <  A..
-"-l')

 Thig-ii'plies that we  iieed  a  fine-tuning of  bare coupling  1!g'  -  1/g  <  1 in order  to guarantee
a  hierarchy m  <  A. In the pure  NJL  model  t}ie limit Afm  

--,
 oo  leads f,o a  trivial  (non-interacting)

theory  and  hence this finc-tuning is not  connected  "Tit/h  a  finit,e renorm}ilized  theory, In the  gauged
NJL  model  (with `Cwalking"

 ga,uge (;oupling,  A  >  1), on  t･he ether  hand, this  fine-tuiiing is tradecl for
a  renormalization  procedure  arriving  at  a  finite colltinuum  (renorma,Iized) theory defined at  the  UV
fixed point with  large anomalous  dimcnsion.]2)'iS) "Je shall  lat.er return  to t}]is renormalizability  of

the gauged  NJL  modei,  
i2)-

 
i7)
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ffere t,he overall  rnass  scale  7n  at  O <  A <  A. satisfies  the  form  siinilar  to (2-4):7)

                             (r,,,t)
2W

 ,,, ;,-li c2 g)

i'ks  in the  pure N,TT, model  th(} (lyuainic,al  mass  7n  sharpl}r  rises  as  we  inove  away  from

t',he critical  coupling,  Now･ the critical  ceupling  of  g on  the critical  line does depelld en
the  valu ¢  of  gaugc  c;oupling  A and  vice  versa,  This mea,ns  that  even  a  tiny dofTer'ence

Lsymmetry violation?  of  A (b? for the same  g as? can  cause  amptijied  ofi7ects on  the

dyTta,Tnicat rnass"  7n  =  0 (below the criticaZ  lirie? o'r TrL X O (above the cT'itical  line?.

   Returning to the  top  quark condensate,  we  not･e  that ouT  SD  equations  (2･3) sep-

arately  ii)clude isospin-violating four-ferrnion couplings  gi, l gb (g(3) iL O). Iii view  of

the critica!  line (2･5) and  thc  critical  behavior (2･9), MTY2)'3)  indeed found amplijied

i,sospin syrrerrte'try  viola'tion  for a  small  (however s7nalg  ) violation  iii the coupling  con-

stants.  
tl'hus

 we  hn,ve a,n SxSB  solution  wit,h  mamimal  isospin violation,  mt  V! O and

n'Lb :T  O, W}1(.ill

                          yt>g'=-41-(1+w)2>gb  (2･10)

(gt is ab()ve  the  c,rit･ical line alld  gb is b'elow it). As  already  inentioiied,  we  iieed  not

to set  Gb  =  0 in thc  f'()ur-l'errriion interactions (2･2) t,o obt/a,iu  rrtb ==  e. 
'[[]hus,

 eveii

if we  assume  that all the dimensionlcss couplings  are  O(1), the critical  phenorrienon
r]atura]ly  cxplains  why,  c)nly, the tep  quaTk  cai'i ha/ve a  large inass,  or  rnore  properly,
'uJhy

 other  J'er7nions ean  have very.  snzagt  masses:  TrLt >  rrtb,.,,.,, It is irideed realized  if

only  the top qua,rk ceupling  is above  the  critica,1  coupliiJg,  while  a,11 others  below  it:

gt >  g' >  yb,c,･･･ ===>  rnt  l 0,mb,c,,., ==:  0. Note  that  other  couplings  de not  need  to be

zero  nor  ve7'y  srriall.

2,3, Running (?CD  coupging

   One  can  easily  take  account  of  runniTng  ft,f7leicts of  t･he QCI]) coupling  in the  ladder SI)

equation  ("`improvcd laddcr SD  equatioii')22)  by replacing  A in (2e3) by ihe  one-loop

running  one  A(p2) parameterizecl as  follows:

                     A(p2)-(i,l
'

(),;tlt,,..),
 E:i;11ik'i (2ii)

where  A  =  c!b  :=:  18C2(pt)1(1･IN. -  2AIf) (-: 24/(33 
-
 2IVf)) and  A,, C =  (fl/2)

f Iii (tL?R./A2QcJ))) arE  constants  and  "LIR(= O(AQci))  aii artificial  
"IR

 cut,off"  of  other-

wise  divergcnt ruiming  coupling  constaiit.  (We choosc  Apa >  1/4  se  as  te trigger the

SxSI3 alrea(ly  in t,hc pure  (IICD.) 
'T･
 hen  tlhc SD  equation  takees the  form

g,(x) -･- f/ L
A2dyIJXi(Y)+

 L
A2dyysi(gt)

Y +  X,2･ (y) Y +  X,2, (,)K(x,y), (2･12)

where  K(x,y)  im A(max(x,y,  pL?i{))!max(x,y). Nete  that the  non-running  case  is re-

garded  as  the  
"stallding"

 limit A  -  oc  (with A,i i  A(A2) fixed) ofthe  wa}king  coupling

(A >  1). ii}
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   II]he S)cSB solution  of  (2･12) ;s }ogarithmically (lamping,8)  essentia]ly  the same  as

(2･6) with  the small  power  A(rv AA) K  1:

                  N(p2) 2tmkA(tt2,))]  
24,

 A:=: \-- (lyf =:6)  (2 13)

In the ca$e  of  pure QCD  (g =:  O), such  a  very  slowly,  damping  soluti.on  ("irregular
asy. mpt/otics':)  js the e=plicit  chiral-symmetry-breaking  solution  due to the  quark bare

mass.23))22)  However, Miransky and  Yamawaki8) pointcd out  that  it can  be the  SxSB

solution  in the pr'esence of  an  adciitional  fottr'-,flermion interaction. []]he $ulut･ion  corre-

spollds  to a  irery  large anonialous  dimensien "v,., crt 2 -- 2)LA (cornpare with  (2･8)) ncar

the "critical  line" 24)i 12)

                             g=:  g" rt1--  2AA  (2･14)
at  AA  <  1. ("T'here is no  critical  line in the  riger(}us  sense  in this case,  since  S)(SB takes

place in the  whole  coupling  region  due  to pure QCD  dynauiics, yielding dynamical

rr]ass  rrL =  mQcD  =  O(AQcD),) Note that (2-14) c()incides  with  the  critical  line in the
ncm-nirming  case  (2･5), g =  e(1 +  cv)2  :!  1 -  2)L, at  A <  1. Actually, we  can  obtain

exact  expressi(m  for "crii/ical
 line", which  beco'mes identical wjth  the entire  critical  line

(2"5) in t･he ].iTnit A  -  oc,i2)

   In view  of  the  
"critical

 lirie" , we  again  have an  S>cSB soluif/om  "rith  maximaZ  isospin

viotation,  Trtt 7E O,rnb =  O (apart from rrzQcD)  , under  a  coxidit･ion  siiiiilar  to (2･le)I
gt >  g'(::t 1 

-
 2){A) >  gb-

S3. [Ek)p quark  mnss  prediction

3.1. SD  eguation  plus  PS  fo7'mula (MT'Y?
   Now  we  come  to the  central  part of  the  modcl,  na.mm.ely, relatiikg  the  dynamical mass
of  the  condensed  fermion (top quark) to {/he mass  of  W/Z  bo$ons.

   The top quark  condcnsat,e  <'t-t> indeecl yields a  standard  gauge  syimnetry  breaking
pattcrn  SU(2)L  × U(1)y  -  U(1).,-,,, to feed the  mass  of  TJV and  Z  bosons. Actually,,
the  mass  of  IV and  Z  bosons in the top quark  condcnsate  is generated  via  dynarriical
IIiggs mechanism  as  in the technicelor:

               m?.v  =  (g-22- F},±)
2,

 rrb2z ces2  e}v =  (-g22 p},)
2,

 (3 o

where  g2 is the SU(2)L  gauge  coupling,  and  I7.±  and  4,o are  the decay constants  of

tha  composite  NG  bosons T
±

,TO
 to be absorbed  into W  and  Z  bosons, respectively.

IT},(=t 250GeV)  determines the IR, scalc  of  thc  model  and  plays  a  central  role  in fixing
the top  quark  mass.

   Decay  censtants  of  those composit/-e  NG  bosolls may  be caleula,t･ed  in terms of

the Bethe-Salpeter (BS) amplitude  of  the NG  bosons determined  by  the BS  equation,

which  rriust  be  solved  consistently  with  the  SD  equatioii  for the ferxnion propagater,25)
In$tead of  solving  the  BS  equati()n,  however, herc wo  use  the famous  I'S formula9)
which  expresses  thc  decay constants  in terms  of  dynamical ma,ss  fuilction X(p2) of  the

condensed  fermion, i,e., a  solution  of  the ladder SD  equation  (2･13). [rhe PS formula
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was  generalized by MTY2)

    FT2± =smNFt,L

"2dx:c

            (xy thi xg)-

to the  SU(2)-asyrmnetric case  
'mt

 iL rnb  and  rrt･t,b 7k O:

:. (xi +  xg), +  g(x2 
-
 xg)[x1+(2]?)'1

 +  (X,2)

×
+  2]l, x+  xg

Eki" =  gNlia-2 /I
A2

 dxx

          (. +  x,2)(,, +  x,2)

E...i
2

.

-

.

-:ilS?l.l../y)'.X

:
2

.i.iiii/g

2]

)
g,)'

f

]
  , (3･2)

(3-3)

   Let us  collsider  the cxtreme  case,  the  maximal  isospi- violation  rnentioiied  above,

Xt (p2) # O and  Xb(p2) =  e, Wc  further takc a  
"toy"

 case  switching  off  the gauge  inter-

actions:  St(p2) i  const  (pure N.]L liinit). [Dhen (3･2) and  (3･3) are  both logarithmically
diveryen't at  Alrnt. -  ec  zvith  the same  coeXificient:

                        ,nyl ± -  ,iV.il rn?  [i]x 
,A.11
 +g].  (3 4)

                         p.2o=slV.(2 rn?  ln i
22,

 (3os)

Now,  we  could  predict 7n,t by fixing ,F}, ± r:t 250GeV  so  as  to have a  correct  mw  through

(3ny1). Actua}ly, (3･4) determines mt  as  a  decrcasing function of cutqtT  ?1. [Vhe largest

physically sensible  d  (new physics scale)  would  be the  Planck scale  A  ot  lei9GeV  at

which  we  have a  minimurn  value  mL  ty  145GeV.  If we  t･ake the  limit fl --, oo,  we  would

have rrbt --  e, which  is nothiiig  but triviality (no interactien) of  the purc  N,JL rnodel:

yt i  -vflilrrttlY},  -  o at  A -> oo,

   One  might  naively  expect  a  disastreus weak  isospin violation  
'for

 thes maximal

isospin-violating dynamical mass,  mt  # 0 and  
･TrLb

 =  O, However, fbr 11 >  mt,  (3･4) and

(3･5) yield ,F}± ry  4,o and

                  6p-  
F"2±

frl,.F20 
=16A;"2M,F'i2.

 
bt
 21.lm;;i/i <1  (3 6)

Then  thc problem  of  weak  isospin relation  can  in principle be solved  without  custodiat

symmetry,  Act,ually, tl]c isospin violat･ion  E,t,, iE ]F},o  in (3:2) and  (3･3) solel'y  cornes

from the  different propagators having different Xi (p2), essentially  the  gR  quantity, which

becomes  less iinportant  foi' .4  )l}> Tn,  sincc  the  integral is UV  dominant.  [["his is the

essence  of  thc 
"dynarnical

 mcchanism"  of  MTiY  to save  t･he isospin relation  p r:t 1

without  custodial  symmetry.')

   Now  in the  gauged  NJL･ model,  QCD  plus  four-fermiQn interaction (2･2), essen-

tially the  same  mechariism  as  the  above  is operative.  Based on  the very  slowly  damp-

   ')  In the 
'altel'native

 forml{lation niade  by BHL  6) this dyi]amical consequence  is tacitly incarporated
into their assurriptioii  to take  the renormalizable  .form, for the  effective  theory  of  thc compesite  Higgs

(pure Higgs se{rtor).  Actually, it is impossible  to  wrlte  down  a  renormalizable  pure  Higgs Lagrangian
having isospii] violation  i;L,.'. f ?'.e (it is possible in the  nonlinear  sigma  model),
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ing solution  of  the ladder SD  equation  (2･13) and  tlie PS  formulas, (3･2) and  (3･3),
MTY2),3)  predi,cted mt  and  6p as  tlie decr'easing ,function  of  cu'to,ff A. For the Planck
scala  cutoff  A  rt 10i9GeV,  we  have:2),3))')

                              mt  rv 250GeV,  (3･7)

                              5p rv  O.02<1.  (3o8)
[I]his is compared  with  the  puTe NJL  case  rnt  2ti 145GeV:  

'[[]he
 QCD  corrections  are

quantitatively  rather  significant.  (As we  wi'Ll  see  lat･er, presence  of  thc  gauge  coupling

will  also  change  t;he qualitative fk}ature of  the  theory  firoin a, Ronrenormalizable/trivia]

theory  into a  renormalizable/nontrivial  one.)  
i2)

 
-
 
i7)

   It will  be rnore  conveniellt  to write  an  analytical  expression  for F.. Neglecting the
derivative terrns with  £ t(a))t and  using  (2･13), we  rnay  approximate  (3･2) as

                  ]F}?  c)t gNw.'S 
.Ll)

2

 d. 
X.t2

                    C!\6',,'iiAA-1(A(MEI)muA

(A

-

i,,II)()A.(A2))A-'ttL. (3.g)

This  analytic  expression  was  obtained  by Marciano5) in the  carse  A  =  8/7  (ACf =:  6),

which  actually  reproduces  the  MTY  predlction  2)73)

3,2. RG  equation  ptus compositeness  condition  (Bfff.?
   Now,  we  explain  the BaL  fbrmulation6) of  the top quark condensate,  which  is

based  on  the RG  equation  combined  with  the compositeness  condiiii'on.  BHL  starts

with  thc SM  Lagrangian  which  includes explicit  }Iiggs field at  the  Lagrangian  level:

     1 Higgs =  myt(iPltRipz  + h･c･) +  (DiLip't) (Dpa¢ ) -  rn?Iiptdi -  A4 (iptdi)2, (3･lo)

where  yt and  A4 are  YUkawa  coupling  of  thc top  quar,k and  quartic  interaction of  the

Higgs, rcspectively.  BHL  imposed  
[`compositeness

 condjtion"  on  
･yt

 and  A4 in such  a

way  that  (3･10) bccomes  the  MT}'  LagT'angian (2･2) (with Gb ==  O):

                       -L-o,  i>tt -e  as  pa-4  (3･ii)
                       Yt !lt

where  IL is the  renormalization  point above  whlich  the  composi,te  dynarnics are  integratcd

out  t/o yieid an  effective  theory  (3･10). Z'"hu,s the compositeness  condition  implies di-

vergence  at  LL =  Z! of  both the  thkawa  coupling  of  the  top  quark  and  the  quartic
interaction ()f the Higg$.

   Now,  in t/he one-loop  RG  equation,  the  beta functj.on of  yt is given by

       s(yt) =T- (4Y.

3t)2

 (AJIr + g) -  (4Y.`)2 (:',-Arl?Ax-L, 
ig.2,
 +  2g22 - ltl-g?), (3 i2)

   
')

 One  may  substit,ut/e  into (2･13) the numerical  solution  ( instead of  the analytical  one  (2･13)) of

the  ladcler SD  cquat･ion  (2･1.2), the result  being the same  as  (3･7).Z6)
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where  gi, g2 and  g3 are  the  gauge  couplings  of  U(1)y, SU(2)L  a,nd  SU(3)c, respec-

tively. BffL su}ved  the  RCI equation  for the  beta function (3･12) combi,ned  with  the

compositeness  condition  (3･11) a,s a  beundary condition  at/ gs ==  yl.

3.3. BifL  versus  IL{fViY

   Let us  first demonstratei4) that in the larye Nb limit BHL  formulation6) is equiv-

alent  to that of' MTY,2),3)  botih based on  the same  MTY  Lagrangian  (2･2), In the

IVL, -  [x]  limit for (3･12), we  may  neglect  the  factor 3/2 in the  first term  (composite
IIiggs loop effect/s)  and  g22 and  g? in the  second  term  (electroweak gauge  boson  Ioops),

which  corre$ponds  to the  simila,r.  neglection  of 1/IVI, sub-leading  effects  in the Iadder
SD  cquation  in the  MTY  approach.  Then  (3･12) becomes  simply:

                                      y,3. 3N.ytg32                      dyt

                      dl, 
=:･fi(gyt)=NL(4.)2=

 (4.), 
･
 (3-13)

"Tithin the $arne  approximation  the beta function of  the  QCD  gauge  coupling  reads

                                         1 3Mgi3,                          dg3

                          
'EiR'=･6(g3)==l4

 (4.)2･ (3･14)

Solving (3･13) an(1  (3･14) by  imposing  the compositeness  condition  at  sL =  fl, we  arrive

at

                y2' (pa)= 
2(,`s{)2

 4ii(, v)) 
A(i( 

"

-

2

 
)

(
),
"

( .,))A]  
(3 i5)

Not･ing the  usual  relation  mt2  =  "yt2(pa =L'  mt)v2  (v =  J;T), we  obtain

             t.2 
-rm

 
y?

 
(,mL)
 -  

(`,,',,)2
 

iii

 :lli(,(.;))SE'/
'2'

 
)2,

"

(,,,)).-, (3 i6)

[IThis is precisely the  saine  f6rrimla as  (3･9) obtained  in the  livfTY approach  based on

the SD  equation  and  the PS  formu]a.") 
rVhus

 we  have established

                         B}IIL (iSl, Ieading)  =MTY,  (3･17)

   Having  established  equivalence  between  M[I]Y and  BHL  in the  large N6  limit, we

now  cornment  on  the  relatien  betweeii thern in more  details. Nete that MTY  formu-
lation is based  on  the  nonpertux'bat/ive  picture, ladder SI]) equation  and  PS  formula,

which  is valid  at  1/IVI, leading order,  or  the  NJL  bubble surn  with  ladder-type QCD
correctioiis  (essentially the  leading log sumiriation).  )v･I[[]Y extrapolatcd  this 1/IVL lead-
iiig picture  all the way  down  to the  low energy  region  whcrc  the  sub-leading  effects  may

become  important.

   
')

 Alternatively, we  inay  defiiie f}}2(pt2) !  2rn,?lyt2(lt) which  coiricides  with  the integral (3･9) with

t,he IR  end  m?  simply  replaced  by u,2. T.hen the compositeness  condition  (3･11) reads  F.2(pt2 ==  A2) ==  O

(no kinet･ic term  of  the Higgs).
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   On  the other  hand, BHL  is crucially  based on  the  perturbati,ve picture, one-loop

R(] equatic)n,  which  can  easily  accommoda,te  l/IVE sub-ieading  efFects  in (3･12) such

as  the loep efft)cts  of  composit･e  Higgs and  elLectroweak  gauge  bosons, However,  BHL

formalism must  necessarily  be combined  with  the compositeness  condition  (3-11), The
compositeness  condition  is obviously  inconsistent with  the  perturbation  and  is a  purely
nonperturbative  concept  based on  the same  1/AJ}, leading NJYIJ bubble sum  as  in the
MTY  fbrmalism, Thus  the  BHL  perturbative  picture  breaks clown  at  high energy  near

the compositeness  scale  A  where  the  coupiings  yt and  A4 b}ow up  as  required  by  the

compositeness  condition.

   So there must･  be a  certain  matching  scale  flMatching  such  that  the  perturbative

picture  (BHL) is valid  for ii <  XLM.t,hi.g, while  only  the nonperturbative  picture  (MTY)
becomes  consistent  for pa >  AM.L.hing. Such  a  point  may  be defiiied by  the  energy

region  where  the  two-loop  contributions  dominate  over  the  one-loop  en'es.  A  simple

way  to do siich  a  matching  is to use  the  BIIL  pertuTbative ft)rmalism for pa <  ZtMatching,

while  using  the  MTY  formalism (or equiva].ently  the B}IL atA!IVE  leading order)  for

li >  AMatchi.g.") Thus the reality  may  in principle be expected  to lie in between BHL
and  MTY,  From  1/.IVL, sub-Ieading  terms  in (3･12) we  can  see  that the composite  I{iggs
loops push  down  the  YUkawa  coupling  at  ].ew energy,  while  sorrxewhat  srnallcr  effects  of

t,he elcctroweak  gauge  boson  loops make  coni]ributions  in the opposite  direction. As  a

result  we  would  expect  that  BIIL  value  is smal}er  than  MTY  one:

                        me(BHL)<mt<rrbL(MTY).  (3･18)
   However,  thanks  to 

'the
 pvesence o/E' a  qtLasi-in.frared .fixed point, 

28) BHL  prediction
is numerically  quite stable  against  ambigui,ty  at  high energy  rcgion,  na,mel>r,  rather

independent  of  whether  this high cnergy  regicm  is replaced  by  M[E]Y or  somethiRg  else.

Theii we  expect  mt  r! mt(BHL)  
=:
 Xyt(pa 

==
 7nt)v  t 

-llsgtv
 iKrithin  1-2 %, where  Yt is

the quasi-infrared fixcd point givell by rs(yt) ='  O in (3･12), The cornposite  Higgs loop
changes  et2 by roughly  the factor IV}/(AI6 +  3//2) =  2/.3 compared  with  the MTY  value,

i,e., 250GeV  -  250 × V27itT ==  204GeV,  while  thc electroweak  ga,uge boson  loop with

opposite  sign  pulls it back a  Iittle bit to a  higher value.  The  B}i[L value6)  is then  given
by

                    rnt  ==  218 ± 3GeV  at  A[y  10i9GeV.  (3･19)
   [rhe Higgs boson wa,s  predicted as  a  t't beund state  with  a  ri]ass  A･flH rt 2Tn,t2)-4)

based on  the  pure  NJL  model  calculation.20)  Its mass  was  also  calculated  by BHL6)
through  the  f'ull RG  equation  of  A4, the  rcsult  beiilg

           rvfA =239 ± 3GeVCMH/mt  rv 1,1)GeV  at  A  ,Ttt 10]"GeV,  (3･2o)
If we  take  only  the  1!N. Ieading terms,  we  would  have the mass  ratio  Mtffmt. !y  fi,
which  is also  ebtained  through  the  ladcler SD  equatioo.29)

   
')

 Of course,  tl],e 1!JV. Ieading picture might  be  subject  to  ambiguity  such  as  the  possiblc higher
dimensional operators,  cutoff  procedures, etc.,  all  related  with  t･he nonrenormalizability  of  the NJL
model.27)  These problams  will  bc conceptually  solve(l  and  phenoinenologically  tamed,  whan  coupled

to the (`twalking'i (A >  1)) gauge  interacticms (renorrnalizability of  the gauged  NJL  model)i2)-i7)  to

be discussed later. Here we  just comment  that  evefi  if there  might  be such  an  ambiguity,  the  111V.

pict,ure (MTY) is the on]y  consistent  way  to realize  the coinpositeness  condition  as  wa$  done by the

BHL  paper  itself.
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                        g4. Wop  ffx}ode  wallking  (l;ffJ[fi]

    As  we  have seei]  ,, t･he top  quark  condensate  natural}y  explains,  through  the  critical

phenoinenen, why  on]y.  the  top  qutm'k inass  is inuc;h  larger than  that  of  other  quarks
and  leptens: 

'rrLt
 >  

'rreb,.,....
 it f'u:ther pr ¢ dicts 'the

 top mass  on  the  ordcr  of  weak  scale.

EIoweveT:, the predicted  mass  212eGeV  is soimewhat  la,rger tha,ll the mass  of  the recently

discovered t･ep quark,  176GeV  ± 13GeV  ((IDF) and  199 +  38/ -  36GeV  (DO).i) Here
"re  shall  discuss a, possible  rein･edy  of  

'Lhis

 pi'oblexrk withiii  the  siinplest  irio(1/el base(l on
the  ts･I[rY La,grangian (2･2). 

i8)

4,1, 1]andazL pet-e scenctrio

    F'ir$t we  reeall  that tl'ie top inass  predictiou  is a decreasi'rbg functien of  the cutoff

vl, Then  the  sirnplest  wtty  to reduce  the  top  mass  would  be to raise  the  cutoff  as  inuch

as  possiblc. IL･e'L･ us  assumc  that' qua/#tuin  gi'avity effects  would  no't  change  drastically
the physics  described by the lew ene:gy,  theory, without  gravity. 

Fi'hen

 we  may  raise  the

eutoff  ?1 beyond  thc  Planck sca}e  up  to thJe Landau  pole A  t:t 104i(;leV wherc  the U(1)y

gauge  coupling  gi diverges and  the  Sts,/T descriptien itself stops  to be selfconsistent.  Ir)
such  a, casc  tlxe top  and  }Iiggs rnass  p, rediction  becomes:

              rni  r: 2(]OGeV, A,'I" t2()9(};eV  at, A=i l04iGeV  (4･1)

which  is the abselfiu'tc  inillirnuin  value  of  the predict.ion within  a  siiuplest  version  of  the

top  quark coi].densate,

    If it is rcally, the case,  it w･()uid  iinply composite  U(1)y  gauge  boson  ancl  coynpositc

lliggs geiLerated at  once  by the sawne  do.,mamics, siT)ce  the  {:andaw pole t･hen may  bc
regarded  as  a  BHL  con]positeness  ccndit･  ion also  for the  vector  bound  state  as  well  as

1/he cornpesii]c.  Lliggs' , Actually, 
,
 we  can  f/orinulata the  B}'IL coTnpositeness  coi]dition  /['or

kreceor-ty.  pe four-fe.rmion inteTactions (Thjrring-ty., pc  four-fcnnion theory)  as  a  necessary

condition  for the formation of  a, vector  bcund  state.  T'he posslbility that both  the  Higgs

a,iicl･ U(1)IJ gn,uge b. oson  can  be  composit,c  by  the  same  dynamics  may  be  illustrated by

art  explicit,  model,  the Thirring model  in P(2  <  .iJ) <  4) (limensions.  Refoi'mulatecl as

?. gaugc  tbeorrvr through  hidden  local symmet･ry,  the [I]hirTiiig model  was  shown  to have
the  dynainical irxass  generatien, which  iiiiplies that  a  coinposite  E[iggs and  a ceinposite

gaugc  boson  are  gcnerated at  the  sarne  
'time.

 
:iO)

    At any  rate,  the prediction  of  this scenario  
'm,t

 rtt 200GeV  still  seeins  to be a  little
"bit,

 higher than the  experirneni/al  iralite,  akt/iough  the. sitllation  is not  very  conclusive

}ret･

4.2. Aefeorrn,alizability of ga'eLs?ed .IV'"iL rnode.Z

    
r]]heii

 we  shal]  c:eusider  auother  possibility, nam(tli.r,  takiiig the cul,ofli  to infinity:

A  -  oo.  In orde'r  to do  t,hls we  should  Iirst discuss the  renormalizability  of  the gauged
NJL  model  with  

g:walking:'
 gauge eoupling  (A >  1).i2)" i7)

    
"Vbis

 pheneineri(m wa,s  first pointed out  by Kondo,  Shuto and  YleLmawaki i2) through

t･he convergence  of  ", iri i/he I'S 'formll]a for t･he solution  of  the  SD  equation  (2･13) in

the  tbur-t'errnion thcor},r plus QCD. Contraxy to the  logarit･hmic divergence of (3･4) in
the pure  NJILi i.nodel,  il, was  empba,sized  that  for A  >  1 we  have a  converven't  iiiteg'ral

fer P". a,nd  hence a  iiontrivial  (intcz'acting) t,keory. yt !  
･rrgt!yi].

 I e in the continuum
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limit: Namely,  the presence  of  
`;walking"

 (A >  l) gauge  interaction changes  t･he triv-

ial/nonrenorinalizablc theory (pure NJL  rnodel)  into a  nontrivial/renorma]izable  theory

(ga･uged NJL  model).  
i2)

   As t() the non-running  (standing) case  (A -  oc),  the  integral for Fl? is more  rapidly

convergent,  since  X(p2)  is power  dampii]g, (2･6), inst･cad of  logarithmic damping.  In

this case  the  renormalizatioi]  procedure  was  performed  explicitdy  by Kondo,  [I]anabashi

and  Yamawakii3) t]hrough  the  effective  potential in the  ]a,dder appruximation.  The

fine-tuning of  the  barc coupling  1/g' -  1/g ･K 1 in (2･9) cerresl)onds  to the  contimium

limit A/m  
--->

 oo,  which  now  defines a  finite renormalized  theoi:y explicitly  written  in

terms  of  renormalized  quantities, in sharp  contrast  to the pnro  NJIu inodal  whei'e  thc

sirni]ar  fine-tuning ill (2･4) 1ias nothing  to d() wit,h  a  finite renorinalized  theory. This

renormalization  led to the beta fullct,ioiL and  the anomalous  diiriension:

                            3(g)=2wg (i-8.), (4･2)
                                            9
                          ty.(g) ==1--w+2w  

.,
 (4･3)

                                            9

where  both  functions take  the  sa,me  form  in either  bare or  renormalized  couplillg  g,
These  expressions  are  valid  both in t/he SxSB  arid  unbroken  phascs, It is now  clear

that the  critical  line g ==  g' =  t(l +w)2  is a  UV  fixed lii]e where  the anomalous

dimension  takes the  large value  (2a8):

                         1<  7.  (g =g*')=1  -- w<  2. (4･4)

[l]his result  was  first obtained  by Miiaiisky and  Yamawaki8) fbr the  bare coupling  in

the  S)(SB phase,  and  was  further shown  
i3)

 to held in bot,h phases and  also  i'or the

renormalized  coupling,  })ased on  the effectivc  potentiaL

    The essence  of  the  renormalizability  now  resides  in t;hc fact that this dynamics

possesses  a  Iarge anomalous  dimension tym >  1 but not  too  large, 7m  <  2,i:S) lt

in fact implies that the fbur-fex'inion interactious are  relevant  epcra{,ors,  2 <  d{di,v,)2

=::  2(3 -  7.) =-  4 -  2tv <  4.8) Accox'dingly, possible higher cSi7rbensional  interactions,

(thV)4, ai,("ab)Oi"(iJip), etc.,  are  irrtjlcv-nt opeTvztof's  (d >  4 diie to d.,zy,, >  1), in contrast

to the f;ase without]  gauge  ini/-eractions wherc  these operators  are  margina}  enes  (d =::  4

due t/o dv,e, :'=  1)･

    Returning  to the 
"walking"

 coupling,  we  nete  that the  anoinalous  diiiiension is

gixren a,s 
'>,,,,

 rv 2-2)LA which  is very  close  to 2 but less than  2 by onl].,r a  logarithniic fa,ctor.

Then  the  above  argurnents  fbr the  standing  coupling  bec;ome rathey  delicat;e in this case.

In order  t;o discriminate betweeii A  >  1 axLd  A  <  1, vLre again  discuss the  finiteness

of  .F},, or  equivalently  finiteness of  effective  Ylika,wa coupling,  yf, i!, ltmc/4, >  O,

in the  continuum  limit fl -  oo.  [l]he ana].ytical  expression  of  the  efliective  Ytikaw･a,
coupling  is already  giveri by  (3･9) (M[rY), which  is equivalent  to (3･16) obtained  as  a

solution  of  the  RG  equat･ion  with  a  composit,e.ness  condit/ion  at  l/N}  leading (BHL),
From  this expression  it was  llotecli4)  that Tff  A  >  1 ("walking" gauge coupling  with

IV6 tw  Alf >  1), then the  efucti,ve  Yukawa  coupling  remains  fhJite, zyt >  O, in the

continuum  limit A  -  oo,  [I]his is in sharp  coritrast  to the  triviality of  the  pure NJL

model  in which  yt -  O in the coiitinuum  limit as  was  mentioned  earlier,
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   It was  further pointed out  by Kondo,  [I]aiiabashi and  Ykima"rakii3) that

malizability  is equivalent  to  existencc  of  a  PR  infrared fixed point 
!Y)

 fbr

Ydkawa  model,  
r:/"he

 PR  fixed point is given by the solution  of 
d(Yafig:'3)

 =  O

nnd  (3t14):

                            y? 7- 
(`,,'},)2AiiA,

this i'eiior-

the  ga,uged

with  (3･13)

(4･5)

where  A =;-  3C2(ffi")gl/(47r)2. Similar argumeiit  was  recently  developecl mor:e  systemat-

ically by il-'arada,,, Kikukawa, Kug'o and  Naktmo.  
i7)

4-3･ [E'b2) 7node  wagking  CIJ[g"

   In view  uf  the renormaliza,bility  of  the  gauged  NJL  model  with  
"walking"

 gauge
coupling,  we  may  ta,ke t/he A  -  nc  limit, of  the  top  quark  condensatc.  I'Iowevcr, in

the realistic  casc  we  actualiy  have t･he U(1)y gauge coupling  which,  as  it stands,  grows
at  high energy  to blow  up  at  Iia,mdau po}e  amd  hence invalidni/es the  a,bove  arguments

of  the renorinalizability,  
`Thus,

 in ordei'  te apply  thc  above  arguments  tu the top

quark  conclensate,  we  must  rernove  the I)'(1)y gauge  interaction in such  a, way  as  to

unify  it into a  GUT  with  
`twalking"

 coupling  (A >  1) beyond GUT  scale.  [[]hen the

renorma,Hzability  requires  a,had･ the  GU'T  coupling  at  G(J'T scale  should  be dot;errnined

by the PR  infirared fixed poin"L. 
i8)

   For a  simple-iniiided  GUT  wit･h  SV-type  greup, thc  PR, fixed point  takes the  form

siznilar  to (4-5):

y,2(AGuT)  =3C2(E7)

 A  -  1

A4(AGu･]･) ]i:

  Nc6C2(pt)A(A

 
--

 i)

g?}U'P(A(gGtJrl')

  2'

A.(2A -- l)

          3

       
rv

 i

yc2-;v[p(vlGuT)

gZu･r(AGuT),

ty tst gg uT  (A(; uT  ),

(4･6)

Ar. (4･7)

where  we  assumed  IVh )}> 1 and  A  >  1 (1'Vf op  Nl, >  1) for siinplicit･y.  Then  the  top

thkawa  coupling  at  GUT  scale  is essent･ia,11y. cletermined  by d,he GIJT coupling  at  GUT

scale  up  to some  numcrical  ttactor  depending on  thc  (}U'[ff]' group  and  the  representations

of  particle contents.  Vsing Steffective
 

/GUT

 coupling"  including such  possible numerical

'factors,
 we  may  pei'form the BHL  full RG' ¢ quation  analysig  fbr lt <  A(;[JT si  10i5GeV

with  the boundary condition  of  the  above  PR  [ixed point at  GUrW  scale.

   E;or typical values  of  the  efl'ectivc  (]U'1," c;oupling  aGu'r  i  g(2.yu･I･/4T =  1!40, 1/50,

1/60, pre(lict/ion of  thc top  and  E{iggs masses  reads:

(mt,Mfi') ty (189,193)GeV, (183,183)GeV, (177,173)GeV, (4"8)

respectively.  Note  that  thesc PR  fixed point values  at  GUT  scale  are  somewhat  smaller

thaii the  coupling  values  ali  (}<Jrl." sca,le  whic}i  ftx;us oii  the  quasi-infrared fixed point in

the  Io.w enei'gy  regien,  Thus  thc prcciictiori is a  little bit away  frorri iihe quasi-infrared
fixed poii]t. [E]his would  be the  simplest  cxccnsion  ofthe  top  quark  coiidensatc  consistent

with  the recent  experiment  oii the  top  qua,rk ma,s$.
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55･ Conc],usion

   In the  light of  recent  discovery ofa  very  heavy  top  quark, we  have  reexamined  the

top quark condensate  (top mode  standard  model).  A  salieTit  feature of  the  model  is
to give a  simp}e  explanation  of  an  extremely  large mass  of  the  top quark  compared

with  other  quarks  and  leptons as  a  criticat  phenomenon.2)  See Eq. (2･9). Even  if

dimensionless four-fermion couplings  gt,gb,-D･  are  all  O(1), we  stiil  can  have a large
hierarchy mt  >  mb,,,.,,  di] there  exists  nonzero  critical  coup]ing  (critical line) g* such

that gt >  g' >  gb,c,.., (not necessarily  gt >  g" >  gb,.,...). T'his i$ an  amplification  mech-

anism  of  symmetry  violation  characteristic  to thc,i critical  phenomenon  (or, dynamical
symmetry  breaking having a  nontrivial  UV  fixed point/line g" and  a  large anomalous

dimension).

   The original  MTY2)  formulation predic'ted mt  or 250GeV  (fbr Planck scalc  cuteff),

based on  a  purely nonperturbative  picture of  the large AJI, lirnit of  the  ladder SD  equa-

tion and  the  PS  fbrmula, i.e., the  bubble sum  with  leading log QCD  corrections,  On  the

other  hand, the BHL6)  forinulation reduced  the above  MTY  value  to 220GeV,  incorpo-

rating  the 11Nb  sub-leadir].g  effects  such  as  1]he composite  

'Higgs
 ]oops and  electroweak

gauge boson loops, based on  a  combination  of  thc  (perturbative) RG  equation  and  the

(nonperturbative) compositeness  condit･ion,  In fact, if we  pick up  only  the 1/N6  leading
order  in BHL  fbrmulation, then it becomes equivalent  to MTY.  The  perturbative  pic-
ture  of  BHL  breaks down  in the high energy  region  near  the  compositeness  scale  where

the  couplings  blow  up  due  to the  very  cond.ition  of  the  cempositeness  condition:  The
compositeness  condition  caii only  be justified nonperturbatively  

'through
 the  iarge Nt

argument.  Thus the BHL  formulation must  in principle be switched  over  to its 111V6

leading part, or  equivalently  the  M[I]Y fbrmulation, in high energies.  As  far as  actual

numerical  prediction is concerned,  however, the  above  BHL  va}ue  is quite insensitive
to this switch-over,  thanks  te the  quasjrinfrared fixed poiiit,

   Then  we  experimented  with  a heretic idea to raise  the cutofr  scale  beyond the
PIanck  scale,  ignoring all possible effects  of  the  quantum  gravity which  we  do not

know  at  present anyway.  First we  sirnply  p}aced the  cutoff  scale  on  the  Landau

pole of  the U(1)y gauge  coupling,  A  ttt 104iGeV,  the largest scale  for which  the  top

quark  condensate  with  the SM  gauge  coupllirLgs  can  be selficonsistent,  This yields mt

 tf 200GeV,  which  is absolutely  the smallest  value  of  the top rnass  within  such  a  simplest

version  of  the top  quark  condensate,

   Next we  considered  a  drastic possibility that the cutoff  may  be taken  to infinity,

based on  the  renormalizability  of  the  gauged  NJL  model.  In order  to make  the  model

renormalizable,  we  should  remove  the  U(1)y. factor by  unifying  t･he SM  gauge  groups
into a  GUT  with  

`Cwalking"
 coupling  (A >  1). In this renormaiizable  

"top
 mode  walking

GUT"  in the  infinite cutoff  lirnit, the coupiings  yt, A4 at  GUT  scale  are  essentially  given
in terms  of  the  GUT  gauge coupling  through  the  PR  infirared fixed point, whjch  can

naturally  predict somewhat  lower values  of  the  top  and  Higgs masses:  mt  2t A{H
::f 180GeV.

   Although  the  situation  about  top  quark  rnass  is still  not  yet conclusive,  we  hope

that at  least essence  of  the  idea of  the top  quark  condensate  may  eventually  survive  in

the sense  that the origin  of  mass  is deeply related  to t-he top quark  mass.
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