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1. INTRODUCTION 

The world of  t h e  l i g h t  quarks and hadrons can s c h e m a t i c a l l y  be 

r e p r e s e n t e d  as f o l l o w .  At s h o r t  d i s t a n c e s  (up t o  0.2-0.3 fm) t h e r e  

a r e  on ly  f r e e  quarks and gluons.At l a r g e  d i s t a n c e s  (over  1 fra) t h e r e  

a r e  o n l y  hadrons. The quarks and g luons  are governed by quantum chro- 

modynamics (yCD). A t  s h o r t  d i s t a n c e s  t h e  running quark-gluon coupling 

c o n s t a n t  i s  s m a l l  enough f o r  p e r t u r b a t i v e  theory  t o  app ly  a p r o p e r t y  

of  QCD knovm a s  asympto t ic  freedom. A t  l u r g e  d i s t a n c e s  t h e  p o i n t - l i k e  

hadrons a r e  d e s c r i b e d  by t h e  s t a n d a r d  quantum f i e l d  equa t ions .  At in -  

t e rmedia te  d i s t a n c e s  (0.2-1 fm) co luur  confinement w d  h a d r o n i z a t i o n  

t a k e  p lace .  We a r e  s t i l l  f u r  from t h e  t h e o r e t i c a l  e x p l a n a t i o n  of  

t h e s e  phenomena/'/. From t h e  p h y s i c a l  p o i n t  of  view t h i s  i s  a low 

energy r e g i o n  of  hadron p h y s i c s  where p h J s i c a l  p r o c e s s e s  w i t h  t h e  li- 

b e r a t e d  energy 1-2 ieV proceed, The most not lperturbut ive QCD methods 

s l i p  through t h i s  r e g i o n  and c o ~ i s l d e r  o r ~ l j  t h e  connect ion of  t h e  had- 

ron ampl i tudes  w i t h  t h e  quark-gluon p a r a r ~ ~ e t e r s .  The confinement prob- 

lem i s  passed  by anyhow. 

For  example, UCD sum r u l e s j 2 /  connect m a t r i x  elements  of  hadron 

c u r r e n t s  as d i s p e r s i o n  i n t e g r a l s  w i t h  t h e  corresponding quark-gluon 

diagrams. The nonper turba t ive  e f f e c t s  u r e  t a ~ e n  i n t o  account by in -  

t roduc ing  qutrrk and gluon c o n d e ~ l s a t e s ~  

The bosoniza t ion  of  W d 3 /  aims t o  o b t a i n  phenomenological meson 

Lugrangians by u s i n g  t h e  Gauge and c h i r a l  groups escap ing  t h e  problems 

such a s  t h e  dynamical hadroniza t ion  and confinement. 

I n  t h e  papers/4' we have developed t h e  so-ca l led  v i r ton-quark  

rnodel (VUB;) based on a  s p e c i f i c  n o t i o n  of  t h e  quari: and hadron beha- 

v iour  i n  t h e  confinement re(;ion.The quarks i n  a low-energy r e g i o n  



were assumed t o  be l i k e  q u a s i p a r t i c l e s  having quantum quark numbers 

but descr ibed  by €he v i r t o n  f i e l d  e x i s t e n t  i n  t h e  v i r t u a l  s t a t e  only.  

This  assumption i s  provided  by t h e  requirement  t h a t  t h e  quark propa- 

g a t o r  i s  chosen t o  be a n  e n t i r e  a n a l y t i c a l  func t%on on a complex 
p l a n e  of t h e  momenturn pZ . Thus, from t h e  beg inn ing  t h e  requirement  
of confinement i s  s c i t i s f i e d  i n  t h e  VW. P u r t h e r ,  i t  is  sugges ted  t h a t  

t h e  coupling of  hadrons wi th  quark-v i r tons  can be given by t h e  cor-  
responding i n t e r a c t i o n  Lagrcmgians. The f a c t  t h a t  hadrons c o n s i s t  of  
quarks i s  t a k e n  i n t o  account  by t h e  quanturn-field compositeness con- 

d i t i o n  d e f i n i n g  t h e  hadron-quark coupl ing  cons tan ts .  The knowledge 
of  t h e  t r a n s i t i o n  dynamics of  a hadron i n t o  quarks and v i c e  v e r s a  al- 

lows u s  t o  d e s c r i b e  a l l  p o s s i b l e  p h y s i c a l  p r o c e s s e s  at t h e  low ener-  

gy. However, a t  this wording, t h e  V U  h a s  no connect ion w i t h  QCD. 

Now we w i l l  p r e s e n t  t h e  quark confinement model (QCM) based on 
I 

t h e  QCD i d e a s .  I n  p a r t i c u l a r ,  i t  w i l l  be shown under  what assumptions 

t h e  YQhl can be ob ta ined  from t h e  QChI. 

The p r e s e n t  model i s  based on t h e  p h y s i c a l  p i c t u r e  which i s  be- 

l i e v e d  t o  be v a l i d  a t  t h e  i n t e r m e d i a t e  d i s t a n c e s .  A complex and non- 
t r i v i a l  g luon  vaccuum o f  QCD i s  crea ted .  There a r e  many papers/5/  de- 
voted t o  t h i s  problem but  we a r e  s t i l l  f a r  from s o l v i n g  i t .  This  g lu-  

on vacuum is t h e  k i n d  of  subs tance  i n  which no co lour  o b j e c t s  e x i s t  

a s  f r e e  p a r t i c l e s .  I n  o t h e r  words, t h e  gluon vacuum of  QCD p r o v i d e s  

t h e  co lour  confinement. 

The hadrons as c o l o u r l e s s  s t a t e s  appear  t o  be t h e  c o l l e c t i v e  va- 
r i a b l e s  cor responding  t o  t h e  c o l o u r l e s s  quark c u r r e n t s .  T h i s  i d e a  was 

developed i n  many papers/6/ .  

The mathematical  r e a l i z a t i o n  of  this p i c t u r e  i n  terms of  t h e  

hadron s c a t t e r i n g  m a t r i x  r e q u i r e s  some h y p o t h e s i s  a b o u t ,  first, t h e  

confinement a s  a way of  a v e r a g i n g  over  t h e  vacuum g luon  f i e l d s  f o r  
a l l  quark diagrams a z d  second,  t h e  h a d r o n i z a t i o n  as a t r a n s i t i o n  t o  

c o l l e c t i v e  v a r i a b l e s  i n  t h e  QCD Lsgrangian. The assumptions of  this 
k ind  form t h e  c o n t e n t s  of  t h e  p r e s e n t  quark confinement model (QCLI). 

The VQM can be ob ta ined  from QCM as one of  t h e  p o s s i b i l i t i e s  of  

averag ing  over  t h e  g l u o n  vacuum. 

The QCM i s  a p p l i e d  t o  d e s c r i p t i o n  of  t h e  low energy phys ics .  

The main characteristics of l i g h t  mesons a r e  c a l c u l a t e d  and good ag- 

reement w i t h  exper imenta l  d a t a  i s  obtained.  

2. QCD VACUUM HYPOTHESIS WD HIDROIIZILTION 

Let u s  adduce nrguments on which our  1.1oae1 i s  based. 

He proceed froin t h e  yCD Lagrangicin 

I ' a a 

By is  t h e  g luon  f i e l d  and t a r e  t h e  nvi t r ices  o f  a co lour  
group SU ( 3 ) ,  PfZ ( 4 = 1 . 2 , 3 )  a r e  t h e  quark f i e l d s  wi th  mass bf 

j is t h e  QCD coupl ing  cons ten t .  f' 

Let u s  c o n s i d e r  t h e  UCD f u n c t i o n a l  

where 91!-~7 a l l o w s  f o r  t h e  cho ice  o f  a gauge. The m c t i o n a l  (2.2)  
i s  hoped t o  answer such hard  quest ior is  a s  t h e  co lour  confinement and 

t h e  h a d r a n i z a t i o n .  

The accep ted  p o i n t  o f  view i s  t h a t  t h e s e  phenomena a r e  provided 

by t h e  complex s t r u c t u r e  of  g luon  vacuum. One can imagine,  t h e  QCD 

vacuum i s  t h e  subs tance  i n  which o n l y  c o l o u r I e s s  o b j e c t s  can e x i s t ,  
but  t h e  co lour  ones cannot e x i s t  a s  f r e e  p u r t i c l e s .  

He suppose t h a t  t h e  QCD vacuum i s  r e a l i z e d  on t h e  quantum gluon 

f i e l d s  w i t h  i n d e f i n i t e  m e t r i c s .  We w i l l  mark t h e s e  f i e l d s  & m c ( ~ ) *  
The g luon  vacuum i s  supposed t o  be degenerated.  e.g., t h e r e  i s  a s e t  
of  g luon  vacuum f i e l d s  c h a r a c t e r i z e d  by t h e  independent  parameters  

j ~ ~ , ,  5 , which a r e  t h e  degrees  o f  freedom of  vacuum. Thus, t h e  g luon  
f i e l d  can be r e p r e s e n t e d  as 

B 6 ) =  6 e a c ( ~ )  + g,tt(r)* 
where 8@ a r e  t h e  quantum f l u c t u a t i o n s  around t h e  QCD vacuum. These 

f i e l d s  depend on B,,, and a r e  def ined  by t h e  independent  parameters  
{cPL f . The f u n c t i o n a l  d i f f e r e n t i a l  can be w r i t t e n  a s  

8 ~ = l J d 8 6 ) =  n d ~ .  T l d ~ ~ ~ a i n  t~,,c,). 
Y 



were assumed t o  be  l i k e  q u a s i p a r t i c l e s  hav ing  quantum quark numbers 

but d e s c r i b e d  by t h e  v i r t o n  f i e l d  e x i s t e n t  i n  t h e  v i r t u a l  s t a t e  oz ly .  
T h i s  assumption i s  provided by t h e  requirement  t h a t  t h e  quark prop&- 

g e t o r  i s  chosen t o  be a n  e n t i r e  a n a l y t i c a l  func t io r l  on a  complex 
p lane  of t h e  inomenturn f 2  . Thus, from t h e  beginning t h e  requirement  

o f  confinement i s  s a t i s f i e d  i n  t h e  VWI. F u r t h e r ,  i t  is sugges ted  t h a t  
t h e  coupling of h a d r o r ~ s  w i t h  quark-vir tons can be g iven  by t h e  cor-  
responding  i n t e r a c t i o n  Iagrtrngians. The f a c t  t h a t  hadrons c o n s i s t  o f  

quarks i s  taken  i n t o  account  by t h e  quantum-fieId composi teness  con- 
d i t i o n  d e f i n i n g  t h e  hadron-quark coupl ing  cons tan ts .  The knowledge 

of  t h e  t r a n o i t i o n  d y m n i c s  of  a  hadron i n t o  quarks and v i c e  v e r s a  al- 

lows u s  t o  d e s c r i b e  a l l  p o s s i b l e  p h y s i c a l  p r o c e s s e s  at  t h e  low ener-  

gy. However, a t  this wor(iin&, t h e  Y W  h a s  no connec t ion  w i t h  PCD. 

Now we w i l l  p r e s e n t  t h e  quark confinement model CQCM) based on 

t h e  QCD i d e a s .  I n  p a r t i c u l a r ,  i t  w i l l  be shown under what assumptions 

t h e  ViJM can  be ob ta ined  froin t h e  QW. 

The p r e s e n t  node l  i s  based on t h e  p h y s i c a l  p i c t u r e  which i s  be- 

l i e v e d  t o  be v a l i d  a t  t h e  i n t e r m e d i a t e  d i s t a n c e s .  A complex and non- 
t r i v i a l  g luon  vaccuum of  QCD i s  crea ted .  There a r e  many papers/5/  de- 
voted t o  t h i s  problem but  we a r e  s t i l l  far from s o l v i n g  it. This  g lu-  

on vacuum i s  t h e  k ind  o f  subs tance  i n  which no c o l o u r  o b j e c t s  e x i s t  
as f r e e  p a r t i c l e s .  I n  o t h e r  words, t h e  g luon  vacuum o f  QCD p r o v i d e s  

t h e  co lour  confinement. 

The hadrons a s  c o l o u r l e s s  s t a t e s  a p p e a r  t o  be t h e  c o l l e c t i v e  va- 

r i a b l e s  corresponding t o  t h e  c o l o u r l e s s  quark c u r r e n t s .  Th is  i d e a  was 
developed i n  many p a p e r s  /6/. 

The mathematical  r e a l i z a t i o n  of this p i c t u r e  i n  terms of  t h e  

hadron s c a t t e r i n g  m a t r i x  r e q u i r e s  some h y p o t h e s i s  about ,  f i rs t ,  t h e  
confinement as a way o f  averag ing  over  t h e  vacuum g luon  f i e l d s  f o r  
a l l  quark diagrams and second,  t h e  h a d r o n i z a t i o n  as a t r a n s i t i o n  t o  

c o l l e c t i v e  v a r i a b l e s  i n  t h e  QCD Iagrangian .  The assumptions o f  this 
k ind  form t h e  c o n t e n t s  of  t h e  p r e s e n t  quark confinement model (QCLI). 

The YQM can be ob ta ined  from QCL1 8s one of  t h e  p o s s i b i l i t i e s  of  

averag ing  over  t h e  g luon  vacuum. 

The QCM i s  a p p l i e d  t o  d e s c r i p t i o n  of  t h e  low energy physics .  
The main c h a r a c t e r i s t i c o  of  l i g h t  mesons a r e  c a l c u l a t e d  and good ag- 

reement w i t h  exper imenta l  d a t a  i s  obta ined .  

2. QCD VACUUM HYPOTHESIS AND UDRONIUSION 

Let us  adduce nrguments on vihici-I o u r  1.1ociel i s  based. 

Me proceed froin t h e  uCD Lagrangiurl 

n a 
Here 6 = ~ ' 1 1 !  , Gy,=9B,,-2u8r+[9,&+7, 

q r r  a 

By i s  t h e  g luon  f i e l d  and f a r e  t h e  i r u t r i c e s  o f  a co lour  
group SU ( 3 ) .  PfE ( f ?  = 1,2,3) a r e  t h e  quarl: f i e I d s  w i t h  mass bf 

2 is  t h e  QCD coupIing cons tan t .  #" 

Let u s  c o n s i d e r  t h e  QCD f u n c t i o n a l  

where a l l o w s  f o r  t h e  cho ice  of  a w u g e .  The m c t i o n a l  (2.2) 

i s  hoped t o  answer such hard  questiorlo a s  t h e  co lour  confinement and 
tile hedroniza t ion .  

The accep ted  p o i n t  o f  view i s  t h u t  t h e s e  phenomena a r e  provided 
by t h e  complex s t r u c t u r e  o f  g luon  vacuum. One can imagine,  t h e  QCD 

vacuum i s  t h e  subs tance  i n  which only c o l o u r l e s s  o b j e c t s  can  e x i s t ,  

but t h e  co lour  ones cannot e x i s t  a s  f r e e  p u r t i c l e s .  

We suppose t h a t  t h e  QCD vacuum i s  r e a l i z e d  on t h e  quantum g luon  
f i e l d s  w i t h  i n d e f i n i t e  m e t r i c s .  We w i l l  na rk  t h e s e  f i e l d s  BYaC 6). 
The gluon vacuum i s  supposed t o  be degenera ted ,  e.g.,  t h e r e  is a s e t  
o f  g luon  vacuum f i e l d s  c h a r a c t e r i z e d  by t h e  independent  parameters  

f~,,, 5 , which a r e  t h e  degrees  o f  freedom o f  vacuum. Thus, t h e  g luon  
f i e l d  can be r e p r e s e n t e d  a s  

8 6 ) -  BmCG) + B4t(')* 

where @(' a r e  t h e  quantum f l u c t u a t i o n s  around t h e  QCD vacuum. These 

f i e l d s  depend on BwGc and a r e  d e f i n e d  by t h e  independent  parameters  
{ ~ , # ( f  . The f u n c t i o n a l  d i f f e r e n t i a l  can be w r i t t e n  as 

8 ~ = l T d ~ 6 ) =  ndc,, T l d g d  (8 tc,,cfl). 
1: 
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I 
The term g2 c o n s i s t s  of t h e  sum of t h e  p roduc t s  of  co lou r l e s s  

I 
quark c u r r e n t s  

where i s  t h e  f l a v o u r  SU3 -mtrir. The term D2 con t a in s  t h e  
products  o f  t h e  d iquark  colour c u r r e n t s  

~ 
It i s  t o  be remarked t h a t  t h e  c o e f f i c i e n t s  b$ and OI/ i n  

( 2 . 6 )  can be chosen by t h e  d i f f e r e n t  way. It w i l l  be shown t h a t  s i g n  

o f  t he se  c o e f f i c i e i > t s  must p rovide  t h e  i n t e r p r e t a t i o n  of  t h e  c u r r e n t s  
I 

a s  hadron s t a t e s  and quan t i t y  @={ must de f i ne  t h e i r  masses. 

In t h i s  paper  we w i l l  cons ider  only H2. 

4 
Let u s  t u rn  t o  new v a r i a b l e s  X = & ( q + ~ z  J T=S h-h) . 

We have 

I 
The gluon propagator  (?(/Jz) i s  by our  h y p o t h e s i ~  a n a l y t i c a l  func- 

I t i o n  at t h e  po in t  p2 = 0. Thus. t h e  func t i on  G(y) can be w r i t t e n  

i n  t h e  form 

S u b s t i t u t i n g  t h i s  express ion  i n  H2 and performing t h e  i n t e g -  

r a t i o n  by p a r t s ,  we o b t a i n  

where Php a r e  t h e  numerical  c o e f f i c i e n t s  arid 

Y 
e r e  , [ i s  t h e  symmetric tei isor  w i th  n u l l  t r a c e  

This  t e n s o r  de sc r i be s  o r b i t a l  moment f . 
The cu r r en t  ' f i . : /v  i s  t h e  two-quarlc s t a t e  w i th  quantum 

numbera def ined  by i n d l c e s  /7= and / but  not  /e . T h i ~  
means t h a t  R corresponds t o  the- r a d i a l  exc i t t i t i on  o f  t h e  two-quark 
s t a t e  de sc r i bed  by t h e  cu r r en t  J K*le '  (y) . Orthogonal poly- - b e  nomials must e x i s t  t o  cha r ac t e r i zk ' t he se  e x c i t a t i o n s .  It i s  concei- 

vab le  t h a t  t h e s e  polynomials  depend only on t h e  two-quark s t a t e  num- 
bers  /- and P . In this paper  we do not  d i s cus s  t h e s e  ques t ions  
i n  d e t a i l .  We would l i k e  to emphasize t h a t  a l l  t h e  two-quark hadron 

s t a t e s  a r e  contained i n  t h e  r e p r e s e n t a t i o n  (2.7). 

Let us  use  t h e  r e p r e s e n t a t i o n  

( f  f l  PJ 
The f i e l d  v a r i a b l e s  HQ(g) = NP,,'..ht (%) correspond t o  t h e  
meson f i e l d  w i th  a r b i t r a r y  e x c i t a t i o n s .  I n s e r t i n g  t h i s  r e p r e s e n t a t i o n  
i n t o  (2.3) and t ak ing  i n t o  account  t h e  term H2 only,  we have 
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Taking i n t o  account the replacements and in t roducing  sources of 
meson f i e l d s ,  we w r i t e  the  func t iona l  (2.10) i n  the  form 

where 
I 

/ I  

The prime i n  a sum (2.12) impl ies  t o  use  G~ i n  t he  quadra t ic  
forms over Hdl . 

A few remarks a r e  t o  be done. F i r s t ,  the  mass equation (2.11) and 

the  transformation from (2.10) t o  (2.12) r equ i r e  d e f i n i t e  r e l a t i o n s  
between the  s igns  of the  c o e f f i c i e n t s  , 6, , z6(? i n  (2.7) t o  
provide the  r i g h t  normalizat ion of phys ica l  quan t i t i e s .  This f a c t  i m -  

poses r e s t r i c t i o n s  on expar~sion (2.6). 

Second, the r ep re sen ta t i on  (2.12) does not contain a,- , 6. , 
1 ?,,( i n  an e x p l i c i t  form which def ine  t he  behaviour of t he  gluon 

1 1  propagator near  t h e  poin t  p2 = 0. Thus, t he  coupling constant  

i s  defined by the  hadron m a s s  and confinement shape. 

Third, (2.11) connects t h e  meson mass, t h e  expansion c o e f f i c i e n t s  
of  t he  confined gluon Green funct ion  at poin t  f - 0  and the  univer- 
sal confinement func t ion  a r i s i n g  a f t e r  averaging of mass opera tor  
over vacuum gluon f i e l d s .  

The genera t ing  func t ion  ?[J] i n  (2.12) def in ing  the  meson- 
meson i n t e r a c t i o n s  by means of t he  quark loops unde r l i e s  our model. 

However, i t  i s  more convenient f o r  ca l cu l a t i ons  t o  use another func- 

t i o n a l  which i s  completely equivalent  t o  (2.12). Let us  show t h a t  t he  
func t iona l  ??[q i n  (2.12) can be w r i t t e n  i n  t he  form 

under t h e  condi t ion  t h a t  t he  wave-function renormalizat ion constant  

of meson Mq i s  equal  t o  zero. 

Indeed, l e t  u s  i n t e g r a t e  over t he  quark f i e l d s  i n  (2.13) using 
the  same assumptions about measure d6,, and g ive  o f f  t he  quadra- 
t i c  term diagonalized over 

where 

Perfarming a replacement 

one can ob ta in  t h a t  the  r ep re sen ta t i on  (2.13) co inc ides  wi th  (2.12) 

under t he  condi t ion  



This  condi t ion  l e a d s  t o  t h a t  t h e  wave-function r e n o r m a l i z a t i o n  cons- 

t a n t  of meson flQ i s  equa l  t o  ze ro  

T h i s  e q u a l i t y  i s  known t o  be tile conpos i taness  c o n d i t i o n  i r i  quantum 

f i e l d  theoryi1 li. 

I I As a r e s u l t ,  t h e  r e p r e s e n t a t i o n  of  t h e  gerierat ing f l u l c t i o ~ i a l  

d e s c r i b e d  mesons a s  t h e  bound quark s t a t e s  i s  ob ta ined  i n  t h e  form 

(2.13) under t h e  c o n d i t i o n  (2.14). This  r e p r e s e n t a t i o n  i s  completely 

e q u i v a l e n t  t o  (2.12) and u n d e r l i e s  our  model. 

The baryons and o t h e r  mul t iquark  s t a t e s  can  be c o n s t r u c t e d  i n  

t h e  same manner. These s t a t e s  should a r i s e  from t h e  terms L, f o r  

fib 3 i n  (2.3).  As i n  t h e  case  L2 , t h e  gluon Green f u n c t i o n  
~ a t . ~ ' q '  i s  supposed t o  be a n a l y t i c a l  a t  p o i n t s  P,, = 0. 
P r .  

The $?oduct of  c o l o u r l e s s  fl -quark s t a t e s ,  which can be i d e n t i f i e d  

w i t h  t h e  corresponding hadrons,  i s  g iven  o f f  t h e  L, by u s i n g  P i r z  

t rans format ion .  The c o e f f i c i e n t s  of  expansions of  f l -po in t  gluorl 

Green f u n c t i o n s  a t  ,bi = O  d e f i n e ,  f i r s t ,  t h e  quark composition and 
. - 

quantum numbers of  f l  -quark hadron s t a t e s ,  and second, t h e  hadron 

mass spectrum. However, t h i s  problem i s  unsolved a t  p r e s e n t  because 

t h e  n - p o i n t  confined gluon Green f u n c t i o n s  a r e  unknown y e t .  

'I We w i l l  use  equ iva lence  of t h e  r e p r e s e n t a t i o n s  (2.12) and (2.13) 

ll; with  t h e  a u x i l i a r y  c o n d i t i o ~ i  (2.14). We s t a r t  from t h e  mass spectrum 

I 1  and t h e  quantum numbers of tile observab le  hadrons and do some assump- 

I t i o n  about  t h e i r  quurk composition. Then, t h e  hadron-quark i n t e r a c -  
t i o n  I s g r a n g i a n  can be w r i t t e n  and t h e  coupl ing  c o n s t a n t  can be de- 

I 
I f i n e d  from t h e  compositeness condi t ion .  

This  approach a l lows  u s  t o  d e s c r i b e  a l l  t h e  hadron i n t e r a c t i o n s  

and t o  r e c e i v e  e s t i m a t i o n s  of t h e  expansion c o e f f i c i e n t s  of t h e  gluon 
Green f u n c t i o n s  from t h e  muss equa t ion  (2.11). 

3. THE QUARK CONFINEMENT MODEL 

Now we w i l l  fo rmula te  t h e  quark confinement model (UChl) whieh 

i s  e-ceted t o  d e s c r i b e  t h e  low-energy phys ics .  The model i s  based on 

t h e  fo l lowing  assumptions. 

The spectrum of  hadrons w i t h  :.lass mR and quar~tum riunbers 

is taken  from t h e  experimental  d a t a .  The quark s t r u e t u r e  o f  a 

hadron is  def ined  by SU3, C, B, T symmetry. The hadron-quark i n -  

t e r a c t i o n  Lagrangian i s  c o n s t r u c t e d  i n  t h e  s imples t  way wi thout  de- 

r i v a t i v e s .  

!!. The hadron-hadron i n t e r a c t i o n s  a r e  descr ibed  by t h e  Functio- 

n a l  (2.13). The quark-hadron coupl ing  coristalits o r e  def ined  by t h e  

co~npos i teness  c o n d i t i o n  (2.14). 

3. The confinement a n s a t e .  The quurk confinement and u l t r a v i o l e t  

convergence of t h e  Peynman diagrams a r e  provided by averag ing  over  

t h e  gluon vacuum f i e l d s .  

We s t a r t  from t h e  discussio31 o f  t h e  hadronizat ior i .  Let u s  consi-  

der  mesons, baryons and m l t i q u a r k  s t a t e s .  

Mesons (two-quark s t a t e s l .  The c o l o u r l e s s  two-quark c u r r e n t s  

wi th  meson quantum numbers Q = 1 3 can be choseri i n  t h e  

form 

where matrix p r o v i d e s  necessary  quantum nuribers. I n  f a c t  t h e r e  

a r e  s e v e r a l  such m a t r i c e s ,  e.g. c m r e n t  T(9) fie r,) f'(%) 

has  t h e  same quantum numbers a s  (3.1). 

The connee t ion  of a meson f i e l d  wi th  t h e  quark c u r r e n t s  

can be w r i t t e n  i n  t h e  form 

The sm i s  over  a l l  two-quark c u r r e n t s  w i t h  t h e  same quantum nuqbers. 

The c o e f f i c i e n t s  Ci s a t i s f y  t h e  c o n d i t i o n  zqz=f . We w i l l  

use t h e  quark c u r r e n t s  wi th  t h e  lowest  d e r i v a t i v e s ,  which cor res -  

ponds t o  t h e  cho ice  of t h e  two-quark s t a t e s  wi th  t h e  lowest  o r b i t a l  

momentum. It i s  t h e  on ly  s t n t e  f o r  t h e  most cases .  

h r y o n s  ( t h r e e - ~ u a r k  s t a t e s l .  The c o l o u r l e s s  three-quark cur- 
r e n t s  w i t h  baryon quantum numbers 8 -- J' can be w r i t t e n  i n  t h e  
f  o m  



I/ where Kg i s  the  s t r a i g h t  product  o f  t h e  ep inor  and f l avou r  mat r ic -  
es .  The connect ion of  the  baryon f i e l d  Bg with  t h e  quark c u r r e n t s  

can be w r i t t e n  as 

I l l  where 3: i s  t he  coupling constant .  The sum i s  over  a l l  three-quark i l  c u r r e n t s  wi th  t he  same quantum numbers. % analogy wi th  mesons, t h e  1 baryon i n t e r a c t i o n  Iagrangian  must be ob ta ined  by means of  the  ex- 
pansion of t h e  three-gluon Green f u n c t i o n  at smal l  momenta. S ince ,  

11 1 i t  i s  unknown y e t ,  t h e  I a g r q i a n  i s  cons t ruc ted  w i th  t h e  lowest  

I '  degree of t h e  d e r i v a t i v e s .  

The mult iquark s t a t e s  a r e  cons t ruc ted  by analogy w i th  mesons 
and baryons. The main d i f f i c u l t y  i s  t h a t  t h e r e  a r e  many ways . to  con- 
s t r u c t  t h e  mult iquark c u r r e n t s  wi th  t he  g iven  quantum numbers. The- 
r e f o r e ,  we sould  no t  g ive  any formulae here.  

The hadron-hadron i n t e r a c t i o n s  a r e  descr ibed  by the  gene ra t i ng  

f u n c t i o n a l  by analogy w i th  (2.131% 

The lagrangians  & and yg a r e  def ined  by (3.2) and (3 .4) .  The 

coupling cons t an t s  a r e  def ined  from t h e  compositeness condi t ion  

(2.14). 

Using (3.5) one can g e t  the  fo l lowing  r e p r e s e n t a t i o n  f o r  t h e  
-matr ix* 

Here, t h e  time-ordered product  i s  supposed t o  be t h e  ord inary  Vick's 
T-product of t he  hadron and quark f i e l d s  vritll the  quark propaga tor  

The quark f i e l d s  mus t '6e  equal  t o  zero  i n  (3.6) a f t e r  t he  normal or- 

der ing ,  The measure d6- i s  t h e  same a s  i n  (2.10). 

Fu r the r ,  we w i l l  use the  r e p r e s e n t a t i o n  (3.6) of  the s c a t t e r i n g  
matr ix.  

4. THE QUARK CONFINEWT HYPOTHESIS 

The confinement hypothes i s  soncerns the d e f i n i t i o n  of  an  
a c t i o n  of  t h e  vacuum gluon f i e l d  B,,,,(K) on t he  quark f i e l d s .  This  
a c t i o n  i s  expected t o  provide  quark confinement and t o  determine t h e  
dynamics of  hadron i n t e r a c t i o n s  i n  the  low-energy region.  At p r e s e n t ,  

these  questions a r e  the l e a s t  knovrrl from the  view po in t  of r i go rous  
r e s u l t s  o f  t he  theory. O u r  confinement hypothes i s  c o n s i s t s  i n  t h a t  i n  

the  low-energy r eg ion  quarks t u r n  i n t o  some qu t l s i pa r t i c l e s  which do 
not  e x i s t  a s  usua l  p a r t i c l e s .  

The ansa t z  i s  t o  change t he  i n t e g r a t i o n  over dq,, of t he  
quark loops  i n  (2.10) by t he  one-mult iple  i n t e g r a l  



1l 
I where 

The maes dimensional paralneter A{ depends on flavour and defines 

the confinement region of quarks with flavour 

Thus, the confinement ansatz (4.1) implies that we use the one- 

multiple integral which effectively takes into account the action of 
the vacuum gluon fields on the quarks instead of the functionals 
(2.10) and (3.5). 

Further, we would like to solve two problems. Pirst, to provide 
the quark confinement, i.e. to guarantee the absence of singularities 
corresponding to the quark production in the S -matrix elements. Se- 

cond, to achieve the ultraviolet convergence of all integrals defin- 
ing the S-matrix elements. This allows us to restrict the number of 

open model parameters. 

The measure 6hq is defined along two lines: the algebraic 

structure of measure, which is connected with an action in the colour 
space, and the analytical one. 

Algebraic Structure of Measure 

After integrating over qulrrk field in (3.5) and (3.6) the gene- 
rating functional or S-matrix can be represented ae ci set of close 

colourless quark loops for the mesons and more complex structures for 
the baryons and nultiquark states. First, the colourless quark loops 
are assumed to be averaged over the gluon measure independently 

9 

For example, the meson-meson interhctions (see, Fig. la) are 

described by the following integral: 

F i g. 1. The quark diagrams describing the meson-meson (a) and 
meaon-baryon interaction (b). 

The meson-baryon amplitudes (see, Fig. lb) are defined as 

where 

We will use the function (4.5) for any quark line with the given 
colour in more complex diagrams. 

Analytical Structure of Measure 

The confinement aneatz coneists in the definition of the analy- 
tical structure of measure d6> , i.e. in the definition of integral 



The f u n c t i o n  6b) i s  c a l l e d  t he  confinement f unc t i on ;  G(z) 
i s  supposed t o  s a t i s f y  t h e  fo l lowing  condi t ions :  

1. G(z) i s  a u n i v e r s a l  f unc t i on ,  1.e. i s  independent of GO- 

l o u r  and f lavour .  I n  o t h e r  words, t h e  f u n c t i o n  6 ( ~ )  i s  unique 

f o r  a l l  quark diagrams de f i n ing  t he  hadron-hadron i n t e r a c t i o n s .  

2. Gb) i s  a n  e n t i r e  a n a l y t i c a l  f unc t i on  on -plane. This  

condi t ion  provides  t h e  quark confinement and u n i t a r i t y  of  3 - m a t r i x  

on t h e  hadron s t a t e s .  

3. &&) decreases  f a s t e r  than  any degree  of ? i n  i n c l i d e a n  
r e g i o n  

A l l  the quark diagrams converge due t o  this condi t ion .  

A l l  t h e  c a l c u l a t i o n s  a r e  c a r r i e d  ou t  i n  t h e  Eucl idean  m e t r i c  
and then  t h e  a n a l y t i c a l  con t i nua t i on  t o  t he  p h y s i c a l  momentum i n  t h e  

3 -mat r i r  e lements  i s  performed. 

The S -matrix i s  cons t ruc ted  t o  be f i n i t e ,  u n i t a r y  and macro- 

c a u s a ; - ~ ~  t h e  space of  phys i ca l  hadron s t a t e s  i n  each p e r t u r b a t i v e  
order'  ' L ' .  

The shape of  G{P) i n  (4.7) i s  not  y e t  ob ta ined  from any gene- 
ral QCD reeearches.  Therefore ,  t h e  choice of this shape i s  one of  t h e  
model assumptions. 

The func t i on  

Gh)= e 
was use& i n  refs./13/. I n  this case  

" AL 
where PZ and A a r e  t h e  open parameters  def ined  by f i t t i n g  of  ex- 
per imenta l  da ta .  The choice of t h e  confinernerlt f unc t i on  i n  t h e  form 

(4.8) permited t o  de sc r i be  t h e  numerous phenomena of t h e  meson and 
baryon phyeics  a t  low energy from t h e  unique po in t  o f  

However, ma t r i x  elements  of phys i ca l  p rocesses  have an  exponen- 

t i a l  growth by energy due t o  (4.8). The a u x i l i a r y  assumptions a r e  de- 
manded/13/ t o  extend t h e  r eg ion  of  model a p p l i c a t i o n  up t o  energy 
N 1.5 - 2 GeV. 

I n  t h e  QChl we w i l l  proceed from the  next  assumptions under  the 

choice of  confinement func t ion .  

First, t h e  func t i ons  U(Z', T) and 4 (2: 7 )  i n  (4.6) a r e  
considered t o  be independent s i n c e  t h e  G(z) i s  a n  e n t i r e  one and 
t h e  form (4.6) i s  t he  most gene ra l  r e p r e s e n t a t i o n  of e n t i r e  func t ion .  

Second, l e t  u s  t ake  t h e  assumption concerning a way of breaking  
of t h e  f l a v o u r  group. A t  p r e s e n t ,  we a r e  s t i l l  f a r  from understand- 
i n g  such ques t ions  a s  t he  SU3 -breaking and quark mass s p l i t t i n g .  
Therefore ,  t he  quark masses a r e  supposeci t o  be d i f f e r e n t  i n  t h e  QCD 
Lsgrangian (2.1). Then, t h e  confinement i s  known t o  be t he  a n s a t z s  
(4.1) and (4.2) where de f i ne s  t h e  confinement reg ion  of  a quark )4 . 
General ly speaking,  t h e  parameters  9 arid a r e  independent a t  
this s tage .  However, one can assume t h a t  Ap i s  p r o p o r t i o n a l  t o  m~ 
i . e .  t h e  r e l a t i o n  

i s  t h e  same f o r  a l l  f l avours .  Then, t he  d e f i n i t i o n  of t h e  confinement 
f u n c t i o n  (4.6) i s  w r i t t e n  a s  



where 

It i s  n a t u r a l  t h a t  t h e  f u n c t i o n  +z  g s a t i s f i e s  a l l  t h e  above- 

mentioned condi t ions .  The sugges t ion  (4.9) dimin ishes  t h e  number of  
t h e  model dimensional  parsmeters  and t h e  r e p r e s e n t a t i o n s  (4.10) and 

(4.11) a r e  more convenient  f o r  t h e  c a l c u l a t i o n s .  

T N r d .  t h e  f u n c t i o n s  U(--K? and g(_e2) a r e  assumed t o  

be f a s t  deoreaaed bo th  i n  t h e  Eucl idean d i r e c t i o n  and t h e  Minkowski 

one 

f o r  any /1/>0 . It prov ides  t h e  absence  of  t h e  exponent ia l  growth 

o f  m a t r i x  elements  w i t h  energy. 

~n t a re  paper  we rill use  t h e  s i m p l e s t  shape of a l ~ )  and B(./ 

1 
I 

where t h e  parsmeters  . Q I  . & . 4 a r e  d e f i n e d  by f i t t i n g  
I over  experimental  d a t a .  

One h a s  t o  remark t h a t  d i f f e r e n t  shapes o f  Q(U) and #(o) 
s a t i s f y i n g  t h e  g e n e r a l  requ i rements  were w e d  f o r  a d e e c r i p t i o n  o f  

I t h e  main meson decays. It i s  found t h a t  a behaviour  of  t h e s e  func-  
t i o n e  must be s i m i l a r  as is shorn i n  Fi.g.2 and r e s u l t s  a r e  s t a b l e  
as r e g a r d s  t o  change of  t h e  shapes  c l o s e  t o  ones i n  Pig. 2. 

F i g. 2. The p o s s i b l e  shapes  of  d ( ~ /  and g(U) . 

I n  t h e  Qmi t h e r e  i s  a s i n g l e  dimensional  parameter  d e f i n -  
ed t h e  confinement r e g i o n  of  t h e  quark f . This  parameter  can be 
connected w i t h  t h e  quark condensate: 

f i n a l l y ,  one can remark t h a t  t h e  so-ca l led  vir ton-quark model/4/ 

can be o b t a i n e d  on t h e  b a s i s  of  t h e  above c o n s i d e r a t i o n e  i f  t h e  mea- 

s u r e  dd; i s  defined as 

f o r  any quark diagram 2 and t h e  Four ie r - t rans form of  t h e  quark pro- 

p a g a t o r  r ( ~ )  10 chosen as (4.8). 

I 
I 5.  SCATTERING MATRIX I N  QCy 

I The s c a t t e r i n g  m a t r i x  (3 .6)  d e s c r i b e s  a l l  p o s s i b l e  p r o c e s s e s  of 
t h e  hadron i n t e r a c t i o n s .  There a r e  hadron and quark f i e l d  i n  t h e  



representation (3.6) but quarks in the form of the free.asymptotic 
fields are abaent due to the confinement anaatz. 

a 

The hadron-quark coupling constants are calculated from the 
compositeness condition (2.14) that is the strong coupling condition. 
Thus, the QCM describes strong interactions. Therefore, the pertur- 
bative theory over the coupling constant is not applicable. What is 
the way of the calculations? First of all, it is to be noted that 
the chain approximation is assumed to be valid for the compositeness 
condition/t1/. Therefore, our calculations will also be based on the 
approximations which are connected with assuming up of the same class 
of diagrams for the hadron Green functions. 

These approxinlations will be done in the framework of the %- 
-expansion. Let us consider the meson-meson interactions. There are 

only quark loops in the representation of an $-matrix in the form 

of the Beynman diagrams. As follows from the compositeness condition 

(2.14) the effective strong coupling constant is 

where @ P 3 is the number of colours and 4 is the number of quark 
spinor indices. Therefore, the series of the perturbative theory can 
be represented over two parameters: hB and 

Our approximations will be connected with the expansion over the pa- 
rameter A . Let us consider the first two approximations in detail. 

First Approximation 

It is called the one-loop approximation. Further, we will consi- 
der the meson Green function (pseudoscalar and scalar mesons) only. 

The meson Green function is defined by the one-loop quark diagram in 
the chain approximation (see, Fig. 3a) corresponding to the zero de- 
gree of the parameter and is written in the form allowing for the 
mass renormalization 

e r e  the notation ) = @ )  is accepted with corres- 
pondence of the definitions (2.11) and (5.1). The meson mass opera- 
tor in (5.3) corresponds to the one-loop quark diagram. 

B i g. 3. The diagrams of the first (one-loop) approximation. 

The renormalized coupling constant is defined by the relation 

whence 

Brom the compositeness condition (2.14) we have 
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The Green f u r l c t i o i ~  of  t h e  second approximation (5.8) has  a  po le  

on t h e  r e a l  a x i s  a t  p2=mZ and t h e  two-par t i c le  t h r e s h o l d  s ingu-  

l a r i t i e a  c o r r e s p o n d i ~  t o  t h e  two-meson i n t e r m e d i a t e  s t a t e s .  Lloreo- 

ver  , t h e r e  a r e  unphysicul  s i n g u l a r i  t i e s  connected wi th  A -expan- 

s ion .  

I n  t h i s  approxiniatioil ,  t h e  ampl i tudes  of  t h e  hadron p r o c e s s e s  

a r e  descr ibed  by t h e  diagrams ( f o r  example, s e e  Fig. 4b) where t h e  

i n t e r n a l  meson l i n e s  crre used t o  be t h e  p r o p a g a t o r s  (5.11). These 

smpl i tudes  have t h e  two-par t i c le  t h r e s h o l d  s i n g u l a r i t i e s  over  t h e  

e x t e r n a l  hadron momenta. This  approximation i s  a p p l i c a b l e  f o r  h i g h e r  

e n e r g i e s  t h a n  t h e  f i r s t  one. 

The diagrams of  t h e  second npproximation ( s e e  Fig. 5b) d i v e r g e  

l o g a r i t h m i c a l l y .  The divergence i s  removed by t h e  r e n o r m a l i z a t i o n  of  

t h e  coupl ing  cons tan t  i n  t h e  diagram, Fig. 5a. Thus, we have  

The r u l e s  have been formulated t o  d e f i n e  completelj '  t h e  second ap- 

.p rox imat ion  of )( -expansion i n  our  model. 

The subsequent approximations over  t h e  parmeterAc&n be con- 

s t r u c t e d  i n  an analogous way. 

P 1 g. 5. The renormal izu t ion  of t h e  coupl ing  cons tan t  i n  t h e  
.secolid approximotion. 

6 .  THE MAIN CHARACTERISTICS OF LIGHT MESONS AT LOW ENERGY 

I n  t h e  QCLI hadroll i r ~ t e r a c t i o n s  a r e  defined by t h e  quarx s t r u c -  

t u r e  of  hadrons and quark behaviour  a t  l a r g e  dis tur ices .  It i s  essen- 

t i h l  t h a t  t h e r e  i s  u  p o s s i b i l i t y  t o  clilculirte both t h e  s t a t i c v a l u e s  

a s  l i f e t i m e s ,  magrietic moments, e lec t rornagne t ic  r a d i i  and t h e  momen- 

turn dependences a s  s l o p e  parameters ,  form f a c t o r s ,  e t c .  F i r s t  of  a l l ,  

one has  t o  choose t h e  confinemelit furlctioris 6 arid 8 and t o  de- 

f i n e  t h e  di~nensiorlal  parameter  A+ . ; / e  proceed w i t h  t h e  determi-  

n a t i o n  of  t h e  model parameters  by f i t t i n g  t h e  w e l l  e s t a b l i s h e d  va- 

l u e s  being i n p u t  p a r t m e t e r s  i n  t h e  main pher.omenologlca1 approaches. 

F i r s t ,  i t  i s  t h e  constarit  of  t h e  pion weak decay 4rr = 132 MeV which 

i s  t h e  fundamental parameter  i n  t h e  c h i r u l  theory/14/.  Second, i t  i s  

t h e  cons tan t  c h a r a c t e r i z i n g  t h e  t r a n s i t i o n  Q + b /  which i s  t h e  ini- 

t i a l  parameter  i n  t h e  v e c t o r  dominance niodel (vDIII)'~~'. Th i rd ,  t h e s e  

a r e  c o n s t a n t s  d e f i n i n g  t h e  decays !Ji0-*8K and u+d)' . These de- 
cays a r e  o r d i n a r y  descr ibed  by t h e  Adler  anomalies/16/.  F i n a l l y ,  i t  
i s  t h e  cons tan t  of t h e  s t r o n g  decay +J'rs. 9 

. I n  t h e  QChl t h e s e  va lues  & r e  descr ibed  by t h e  corresponding 

quark diagrams. The examples of c a l c u l a t i o n s  a r e  g iven  i n  Appendix. 

A 1 1  t h e  c a l c u l a t i o n s  & r e  c a r r i e d  ou t  i n  t h e  one-loop approximation. 

The i n t e r a c t i o n  Lograngians o f  mesons M ( P , S , 1/ , A ) 

with  quarks a r e  w r i t t e n  a s  



where are the spin matrices ( 2.fg . I . f i  . $6 ) P and & are the Odl-Uann isispin ones. 

The coupling constants are define& by the compoaiteness 

condition (2.14). The confinement function is of the shape (4.12). 
The best description of the experimental data ia achieved for /\ = 

5 480 MeV and 

in (4.12). The quark condeneat8 (4.13) ia equal to 

T a b 1 e 1. The main characteristics of the light mesonrt describ- 
ed by the QCkl 

T a o 1 e 2. List of structure integrals 

for the model parameters obtained. 

The fitted results are shown in Table 1. One can see that the 
fitting gives a good agreement of the theoretical values vrith the 
experimental data. 

The next step in checking the main model assumption is the stu- 
dy of the momentum dependence of the physical matrix elements. The 
pion electromagnetic form factor is the best candidate for this. 

Let us consider the behaviour of the pion elenctromagnetic form 
2 

factor in the space-like region 7 =- ~~g 0 where 7 is 
the transfer momentum. The corresponding diagrams are shown in Pigs.(a 



. 
0'01 

0'6 
0'8 

O'L 
0'9 

0's 
0'7 

0'€ 
0'2 

0'1 



One cbn s e e ,  t h e  reuonhuce diagram g i v e s  a  s m a l l e r  v a l u e  t h a n  t h e  
YDhl p r e d i c t i o n  <?:>vBH = 0.33 fn2  due t o  t h e  i n c l u e i o n  of  t h e  p ion  

quark s t r u c t u r e  bu t  t h e  c o u t r i b u t i o n  of  t h e  t r i b n g l e  diagram i n c r e a s -  
e s  t h e  t o t a l  value.  

The behtiviour of  t h e  p i o ~ i  form f a c t o r  i n  t h e  space- l ike  r e g i o n  

q 2 :  0 S Q'=-9' f { L k e v 2  i s  shovm i n  Fig. 7. One can 

s e e ,  t h e  experimental  d a t a  o r e  d e s c r i b e d  by our  model q u i t e  a c c w a -  
t e l y .  It i s  t o  be remarred t h a t  t h e  diagram i n  Pig. bb, dominates 

far t h e  l a r g e  mornek~ta Q2s 2 ~ e \ 1 ~ .  

F i g. 8. The two-point quark loop. 

APPENDIX A: The C a l c u l a t i o n  Technique 

Let  u s  c o m i d e r  t h e  two- end t h ~ e e - p o i n t  quark l o o p s  t o  dernon- 
s t p a t e  t h e  c a l c u l a t i o n  technique  o f  t h e  m a t r i x  elements  i n  t h e  QChl. 

The two-point quark l o o p  i s  shown i n  Pig. 8. The f o l l o w i n g  in- 

t e g r a l  : 

corresponds t o  t h i s  diagram. Here, 4 and /; a r e  ,f -mat r ices  
d e f i n i n g  t h e  i n t e r a c t i o n  of a  neson w i t h  quarks ,  /I+ and /I2 a r e  

t h e  parameters  d e s c r i b i x  t h e  qu6rk confinement r e g i o n  and 

a r e  t h e  coupl ing  cons tan ts .  

By u s i n g  t h e  Peynman d -paramet r iza t ion  one can o b t a i n  

Here 

R e c a l l i n g  t h e  d e f i n i t i o n s  (4.11),  we nave 

where 
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Efimov G . V . ,  Ivanov M.A. E2-88-37 
Confinement and Quark S t r u c t u r e  
of Light  Hadrons. 

We p re sen t  a  quark confinement model (QCM) f o r  t h e  des- 
c r i p t i o n  of t h e  low-energy physics  of l i g h t  hadrons (me- 
sons and b a r y o n s ) . ~ h e  model is based on two hypotheses.  
F i r s t ,  t h e  quark confinement is r e a l i z e d  a s  averaging over 
vacuum gluon f i e l d s  which a r e  bel ieved t o  provide the  con- 
finement bf any co lour  ob jec t s .  Second, hadrons a r e  t r ea -  
ted  a s  c o l l e c t i v e  co lour less  e x c i t a t i o n s  of quark-gluon 
i n t e r a c t i o n s .  The descr ip t ion  of s t rong ,  e lectromagnet if  
and weak i n t e r a c t i o n s  of mesons and baryons a t  t h e  low 
energy i s  given from a  unique poin t  of view* 
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