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Deep Inelastic Lepton Hadron Scattering in Massive 
Vector Gauge Models 

A class of strong interaction models , in which the interactions 
between fractionally charged colored quarks are mediated by mas
sive neutral vector gluons , is considered. All the vector gluons 
acquire masse~ via the usual Higgs mechanism. The effective coupl 
ing constants g (gauge coupling) and li (quartic-self coupling) are 
supposed to approach a limit cycle in the limit of large space-like 
momenta. The large Q2 behaviour of the moments of the deep inelastic 
lepton hadron structure functions is analysed using this hypothesis. 
It is shown that Bjorken scaling is violated by power terms of Q 2 
multiplied by an oscillating function of Q 2 • 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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INTRODUCTION 

The discovery of a~ymptotic freedom in non
abelian gauge theories t/ revived the hopes to 
describe the physical phenomena at high energies 
and high momentum transfers by means of quantum 
field theory, If the strong interactions are descri
bed by a field theory of this kind. it is possible to 
calculate some dynamical quantities using perturba
tion theory methods suitably improved with the 
help of renormalization group. These ideas have 
been used to analyze e+ e- annihilation into had-
rons /2,3/ • deep inelastic lepton hadron scattering/ 4,5/ 

and also to explain the mass spectrum, decay widths, 
etc., of the new particles I 6 • 7 ,8/ • In all these papers 
quantum chromodynamics (qeD) ( a gauge theory in 
which the interactions between colored quarks are 
meditaed by massless vector colored gluons) as the 
best candidate for a theory of strong interaction 
has been used, It is conjectured that if the gauge 
group of QCD is an exact local symmetry, then, 
first, the color-triplet quarks and color-octet gluons 
of the theory are not existing as real particles and, 
second, only color singlet hadrons do exist.Alas,a 
proof of color and quark confinement in q CD does 
not exist. In particular, it has been speculated that 
confinement is connected with the existence of se
vere infrared singularities of a Yang-Mills theory 
in the framework of perturbation theory. However, 
to any finite order, it has been proved /9/ that 
there are no singularities in experimentally acces-
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sible transition probabilities. Moreover, it is by far 
not clear that massless gluon fields are indeed 
required to explain the confinement of quarks, since 
model calculations have shown that this confinement 
could also be achieved by admitting ma.ssive scalar 
gluons I 101 . 

Therefore, we think it is worthwhile to consider 
models in which interactions between colored quarks 
are mediated by rna ssive vector gauge fields. The 
usual mechanism to ascribe masses to vector gluons 
in a gauge invariant way (only in this case the 
model vvill be renormalizable) is the Higgs mecha
nism 71ll • This mechanism introduces new scalar 
fields and their quartic self-interaction. In papers/4,121 
a wide class of gauge models including scalar 
fields was considered. Unfortunately, the authors 
have not succeeded in finding any physically ac
ceptable model which is asymptotically free (in the 
sense that all coupling constants involved are dri
ven towards zero in the deep Euclidean region). 
This is due to the fact that the scalar fields desta-
bilize the originally ultraviolet stable origin g ""0 , 
where g is the coupling constant of the gauge fields. 
In papers I 131 spontaneously broken gauge models 
which are not assymptotically free (the effective 
gauge coupling constant g vanishes asymptotically 
and the effective quartic self-coupling fi tends to a 
finite asymptotic value) were considered. The conse
quences of these massive vector gauge models were 
analyzed. In particular, it was shownlt4lthat Bjorken 
sea ling for the moments of the deep inelastic lepton 
hadron structure functions is violated by powers of 
logarithms (as in the case of asymptotically free 
gauge models) • 

In this note a possibility for effective coupling 
constants ( g and ii ) to approach a limit cycle 
in the limit of large space-like momenta is explored. 
A class of strong interaction models, in which inte
ractions between fractionally charged colored quarks 
are mediated by massive vector colored gluons , is 
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considered. All the vector gluons acquire masses 
via the Higgs mechanism. All the scalar mesons 
are massive. The vector and scalar mesons are 
neutral with respect to ordinary flavor group. The 
local gauge symmetry is broken and if the strong 
interactions are described by models of this kind 
then colored hadrons, free colored gluons and 
quarks may exist. In th'C' paper /171 this possibility 
is discussed in detail. Our purpose is to analyze 
deep inelastic lepton hadron processes in the 
framework of this class of models. It is shown that 
Bjorken scaling for the moments of the structure 
functions of these processes is violated by power 
terms of Q 2multiplied by an oscillating function of 
Q2. 

QFT MODEL OF STRONG INTERACTIONS WITH 
MASSIVE VECTOR GLUONS 

Consider a local SU c(n) group with gauge fields 
A~ (x) • The Higgs scalars whose different from 
zero vacuum expectation values generate masses 
for these vector fields are chosen to transform as 
m complex fundamental representation of SU c (n) · 

We write them as an n x m matrix ¢ transforming from 
the left under the local gauge group SUc(n) and 
from the right under the global group SU '(m). All 
the vector gluons and quarks are singlets with 
respect to this primed group. If m > n -1 , this is 
sufficient that all the vector gluons- acquire masses'~ 81 

The colored gauge group SU c (n) commute with the 
ordinary approximate SU ( 4) group of strong interac
tions. Therefore, all the vector gluons and scalar 
mesons are neutral with respect to this group. The 
quarks can be represented by an nx 4 matrix t/J • 
The generators of SU ( 4) transform the columns of 
this matrix, whereas the generators of SU c (n) its 
rows. The Lagrangian rna y be written as 
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2 
f. = - .!.._ F a FIL }.1 + Tr { ( v ¢ ) + ( v11 ¢ ) I + - m 0 Tr { ¢ + ¢ I -

4 /lV a 11 2 

1 + 2 h2 + 2 -
- - h 1 l Tr ( ¢ ¢ ) I - - Tr { ( ¢ ¢ ) I + i 1/J y D11 1/J -

4 • 4 11 

4 - a (i) 
- ~ mi 1/J 1/J a (i) 

i=1 

where 

a a a abc b c 
F 11v = a 11 v v - av v 

11 
+ g r v

11 
v v • 

v ¢ = a ¢ 
11 11 

. a a 
-1gV F ¢. 

11 

D11 1/f =a
11

1/f -igV;Tai/J 

(1) 

(2) 

abc 
The f are the SU c<n:group structure constants and 
Fa and T a are the representation matrices corres

ponding to the scalar and fermion multiplets, res
pee tively. After spontaneous symmetry breaking, the 
Lagrangian in eq. (1) will be invariant under a glo
bal SU(m) , a subgroup of SU(n)xSU'(m) • With the 
exception of the massless Goldstone bosons (which 
with a suitable choice of the gauge, can be exclu
ded from the spectrum of physical states) all the 
Higgs scalars are massive. All the mass parameters 
of the Lagrangian (1) are supposed to be small 
(less than 1-2 Gev). This assumption does not con
tradict the fact that the masses of free quarks and 
gluons can be found to be very large as it was 
shown in paper 117/. In what follows SU c (3)group is 
chosen as a color group, i.e., it is supposed that 
usual hadrons are bound states of four color-triplet 
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quarks and interactions between them are mediated 
by massive vector colored gluons and flavor-singlet 
Higgs scalars. The results, however, are not very 
sensitive to this special choice of the color gauge 
group. 

DEEP Ii'\IELASTIC LEPTON HADRON SCATTERING 
IN MASSIVE VECTOR GAUGE MODELS 

The behaviour of the cross sections of the 
deep inelastic lepton hadron processes is gover
ned by the behaviour of the structure functions 
Fk (x, Q 2 ) in the region: Q 2=-q 2-->oo , v --> "" and 

x = ___g_:_ fixed ( k = 1. 2 for electron hadron and 
2M v 

k =1,2,3 for neutrino hadron processes). These fun-
ctions are defined by the matrix element of the com
mutator of two electromagnetic or weak hadron cur
rents. Using the Wilson operator product expansion 
at light-like distances 1191, sum rules for the struc
ture functions can be obtained /lo/ in the limit of 
large Q2 ( Q 2» M 2 , where M is the hadron mass). 
In the framework of our models these sum rules take 
the following form in the case of deep inelastic elec
tron hadron scattering 

(n) 2 1 n-2 2 
Mk(Q )= (dxx Fk(x,Q) 

0 
2 

(n) 2 (n) Q 
,., < e 2 > t ci t11 ) Ei(k) ( -

11
2 

2 
gil • h ) + 

IL 

~ (e2-<e2>)c(n). 2)F.(n) (..!d_
2
.g2 h) O( M~ 

+ a a a \11 ~S(k) 
11
2' IL ' 11 + Q 2'' 

n = 2 ,4, ... , k = 1,2, i=V,I/f,S. 
(3) 
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In eq.(3) F1 (x,Q 2)=2MxW1(x,Q2), F2 (x,Q 2)=vW2(x,Q 2 ), 
where W 1 and W 2 are the usual structure functions, 
and ea are the quark charges. 'I'he constants c.<n) r .. 2) 

1( a) \J-l 

and the functions E N~s) k are connected with a 

strong interaction dynamics at large and small dis
tances, respectively. 'I'he quantity 1/11 with dimensi
on of length can be considered as a boundary bet
ween small and large distances. It is reasonable 
to choose 11 > M hadr, but the particular choice of pa
rameter 11 within this region is arbitrary. 'I'he un
known constants C ~N) are determined ?Y the hadro
nic matrix elements of the operators 0 1(a) 

a1 ... an 

1 i(a) (n) 2 
--~+ <P.s! 0 (O)!p,s> =Ci(a)(/1 )Pa ···Pa +(4) 2 S=-1/2 a1 ... an 1 n 

+ (terms containing ga.a. ). 
1 J 

Note that only the term proportional to Pa 1 · ·· Pan 
in eq. (4) contributes to the leading terms in the 
moments of structure functions (eq.~3)). For the dif
ferent hadrons the constants c<f> ( 11 ) are different. 
For our model the dominant gauge invariant opera
tors of twist two appearing in the operator product 
expansion of two electromagnetic currents near the 
li~ht cone will be: 
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ov 
al···an 

.n 
1 

2 

a 
F !-trace 

SlTr F aal V a2". Van-1 an terms 
(sa) 

t/I .n-14 -
0 = 1- l S ltfr Y. D ... D l/J l -trace ( 5 b) 
af".an 2 a=l a al a2 an a terms 

m 
0 s =j_ .~ S I¢>~ V ... V ¢>. l -trace terms. (5c) 
a1 ... an 2 1=1 1 a

1 
an 1 

n-1 
a i -a a 

0 =-- S 1!/J y D ... D l/J l -trace terms, (5d) 
al"""an 2 al a2 an 

.. 

where V and D are covariant derivatives, S 
a a 

denotes the symmetrization over a ... a and a deno-
1 n 

tes quark flavor. 
The coefficients eN;/) ( 11

2
) can be expressed in 

terms of parton distributions as follows: 

(n) 2 t n-1. 2 . 
c.(" )=jdXX 1.(x,/l), l=V,S, 

1 r · 1 
0 

(n) 1 n-1 2 2 
c ( 11 2) = J dx x I f ( x , 11 ) + f a- ( x , 11 ) l 

a a 
0 

(6) 

c~) ( 11 2) ~ c<:>c 11
2

) • 
a 

where f V• f s , fa 1 f ~ are th-? gluon, scalar, quark 
and antiquark distributions in hadrons at momentum 
transfer Q 2 = 11 2 , respectively. 

If Q 2 ~ 11 2>> m2 ( m denotes all the mass parameters 
of the Lagrangian (1)), the coefficient functions 

(n) 2 2 2 
E i(NS)k (Q /11 ; g 11 . h 11) satisfy the following renor-

malization group equations: 

a 2 a 2 a [(---/Qg(g h )----f3h(g h )--)8·· + at fJ 11 • 11 ag2 11 • 11 ah 1J 
11 11 (7a) 

(n) 2 ) (n) 2/ 2 2 + y. . ( g , h ) E . (k) ( Q 11 ; g , h ) "" 0 , 
J1 11 11 J 11 ll 

a 2 a 2 a [--{3 (g ,h )--{3h(g ,h)~+ at g 11 11 ag 2 11 11 ah 
11 11 

2 
(n) 2 (n) Q . 2 

+ YNS (g/1 ,h/1)) E NS(k/-2' g/1 ,h 11) =O 
11 

1 Q2 
t ,_fu-

2 /12 
where 

(7b) 
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Here y (n) is the matrix of anomalous dimensions 
of the flavor-singlet operators 0 V,t/J ,S defined 

a 1· .. an 

by eqs. (Sa-Sc) and y~~ is the anomalous dimension 
of the flavor nonsinglet operatorsO ~ 

1 
... an defined 

by eq, (Sd), Note that for simplicity h1=h2=h (in the 
Lagrangian ( 1)) is supposed, 

The solutions of eq, (7a, 7b) are 

(n) Q 2 
E (-

i(k) 2 
!1 

g2 • h ) 
!1 !1 

(n) -2 - (n) -2 -
Texp -by (g ,h)dxljiEj(k)(l,g ,h), 

(n) Q 2 2 
E NS(k/-2; gil' h !1) ~ 

!1 

t 
(n) -2 (n) -2-

= !exp -J yN'Jg ,n)dx l E ( 1.g ,h), ::."- NS(k) 

(Ba) 

(8b) 

where T implies that the exponential is to be t -or
dered. The large Q 2 behaviour of E \(~) , E ~§(k) is 
governed by the large Q 2 behaviour of effective 
coupling constants g and h which satisfy the follow
ing system of renormalization group equations 

and 
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d g 2(t • -~ h !1 )_ = {3 (g 2, h). 
--- g 

dt 
dii (t. g~.~ 0 {3h (g(h) ( 9) 

dt 

g2(0,g2,h) -=g2. 
!1 !1 !1 

ii (0. g 2. h ) "" h . 
!1 11 11 

(10) 

~ 

' 

.\ 
I 

In the deep Euclidean region ( Q 2 ~ 11
2 » m 2 ) 

the effective coupling constants are assumed to 
approach a limit cycle 

g ( t . g 11 , h !1) 4 g 0 cos w t , 

h ( t , g
11 

, h 
11 

) .... h 
0 

sin w t , 
(11) 

where g 
0 

, h Q and w are unknown parameters. 
A period of this limit cycle is given by r =2 77 I w. 
We suppose also that 

ho-g6«1. (12) 

Then..& in our model the anomalous dimension matrix 
y(n) ( g 2 , ii ) for large Q 2 takes the form 

2 
- g 2 4) (n) _ Y (n) _o_ cos w t + O(g

0 y - 2 

n V 
Yvv 

n tjJ 
Yvv 

lly s 
vv 

4TT 

n V 
y# 

n tjJ 
y# 

0 

n V 
y ss 

0 

ny S 
ss 

'th th t · 1 t I 4'5 '211 
vv! e rna r1x e emen s 

2 4 
~_Q_ cos 

2 
wt + 0 (go) 

4772 (13) 
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12 

n V 
Yvv 

n V 
y t/Jt/J 

= ...!.. I _u - _ ___!L 
2 3 n(n-1) 

2 

3 

2 
n +ll + 2 
n(n2 -1 ). 

n V _ _i --1--
y ss - 3 n ( n - 1 ) 

2 
n ·'· n + n + 2 
y'~' =< 8-----
vv n (n+l) (n+2) 

n 
12 + 12 ~ 

- (n+l)(n+2) jz2 

n 

n t/J _ (n) = _g_ [ 1 __ _g__ + 4 ~ ~ 1 . 
Y t/Jt/J - Y NS 3 n (n+l) j=2 J 

m 
n S =2---- • 
Yvv (n+l)(n+2) 

I)t~s 
n 

~ ~ 1 
3 j=2 j 

_1. +-!!! I . 
j 6 

The perturbation expansion of y(n\g 
2, Ii ) (eq.(13)) 

has been received using the following condition: 

n S 
Y'ss 

ny S 
ss 

n ,s 
Here Y ss 

wL 
tg- <1 2 - . 

2 

L =fn~ 
f.l.2 

(14) 

is the coefficient in front of the term 

h 2 . 2wL 
(-~) Slll-

16rr 2 2 
in the expansion of Y matrix and 

n 'S 
Yss 

1 6 ) = --- (1- --) (13m+ 17 . 
16 n(n+l) 

(15a) 

In eqs. (13, 15a) m is the number of the Higgs multi
plets. 

The solution of the system of equations (sa) in 
the limit of large Q 2 , taking into account the expli
cit form (13) of y(n) is 

2 (n) 2 
(n) Q 2 3 A.£ go 

E i(k) (-; g, h ) =~ exp 1- ----2 (wL+sinwL)lx 
f.L 2 f.L f.L e "'1 4w 4rr 

4 

x I pfn) (I + O(g~L, _!_0
)) lit/J(l+O(g~)) 

w 

(i= V,t/J .S k = 1. 2 ) . ( 15) 

(n) . tr• - (n) T 
VVhere A e are etgenvalues of the ma lX y 

( y T is a transposed y ) 

y (n) T = :_f A e p fn) 

~1 

and Pjn) are projection matrices 

p~n)p ~n) = oke p ~n) • ~ Pp =I. e 

(16) 

(17) 
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To obtain eq.(15) we have used also the perturbation 
theory expansions of the functions E \~ ~) ( 1, g 2 , ii ) 

(n) -2- -2 
E (1,g,h)=O(g), 

V(k) 

(n) ( - 2 -) ( -2) E ,,, 1, g , h = 1 + 0 g , 
't' (k) 

(18) 

E 8~~) (1. g2,h) = o (g4
). 

Note that eq. (15) is true only for the Q2 (L =fn_Q~) 

which are limited by the conditions /1
2 

s 
2 L n Y tg _2! __ < ____ ..s..s._ ' 

2 - ny~~ (19) 
2 

go L < 1 , --.... 

4rr 2 

and for w :2 g2 I 4rr2 . 
0 

For the non-singlet functions E (n) ( _g__:; g2 , h ) 
NS(k) 2 fl. fl. 

which satisfy eq. (8b) we have fl. 

2 y (n) g 2 
E(n) (-9- ,g2 ,h ) = exp I- ..:.-N.S.. _..:::Jl..(wL+sinwL)lx 

NS(k) f1.2 fl. fl. 4w 4rr2 (20) 
4 g4 

X (1 + 0 ( g L ' __ Q) )( 1 + 0 ( g2 ) ) . 
0 w 0 

So, in the region: Q
2 ~f1.2>>m; Q 2 >> M2and limited 

by the conditions (19), we obtain the following re
sults for the singlet M ~(~ and non-singlet M~~(k) 
pieces of the moments of the structure functions: 

j.(n) g2 
M (n) (Q 2 ) = < e2> !. !. exp I- _:..f._ --:.O(w L + 

S(k) E i 4w 4rr2 

14 

4 2 
+SinwL)l c~n)(f1.2)(P~n)).,,, x 11+0(g4 L ,--go)l+O(_M_), 

1 ~ l'f' 0 w Q2 

(21a) 

(n) 2 2 2 (n) 2 (n) 2 
M (Q) ""!. (e -<e >) c (fl. )exp{ _?:N..S~O-(wL+ 

NS(k) a a a 4w 4
77

2 

g4 M2 
+ sin w L ) l x 11 + 0 ( g4 L , -:..0. ) l + 0 ( --- ) . 

0 w Q2 

(21b) 

Therefore, in the models of consideration the Bjor
ken scaling is violated by power terms of Q 2mul
tiplied by an oscillating function of Q2 • Note that 
the same results hold for neutrino hadron processes. 

The momentum transfers Q 2 for which expres
sions (21) for the moments hold, are limited ~ con
ditions (19). For instance, for m = 2 , Q 2 - 3x10 f1. 2 (GeV) 2 

max 
2 2 2 2 

when g0 I 4rr =0.2and w = 0.2, while Q -1.5x10 fl. (GeV)2 
max 

when g~l 4rr = 0.2 and w = 0.3 , where Q 2 are maximal 
values for which expressions (21) are "J;11tfll true. To 
consider the region of larger Q2 we should take 
into account the higher perturbation theory correc
tions to the expressions for y(n) and E.(n) (1, g 2, h ) 
(eqs. (13) and (18) respectively). The ciC~~p inelas
tic lepton hadron scattering data available at pre
sent time are not able to distinguish between the 
logarithmic and power in Q 2 violation of Bjorken 
scaling. And it is even more difficult to observe 
the oscillating factor, predicted by our model. The 
following ratio: 

1 n-2 2 2 
n 

2 
Jdx X 1 F1 (x, Q )-.F2 (x, Q )l (n) --2 _

2 R( )( Q ) = JL _______________ = h g (l+O(g ) ) (22) 
l,. n-2 2 J dx x F

2 
( x, Q ) 

0 
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( h (n) are some known constants) is crucial for 
distinguishing different models. In the fixed point 
models 

R (n) h(n) 2 I 4 2 ( ) 
1 "" go rr , 23 

while in our model 

(n) (n) 2 2 2 w L 
R 2 = h g o I 4 rr cos ----

The deviation 
R(n)- R(n) 

/'.. R = _ _! _____ ~-
R (n) 

2 
(24) 

1 
at Q 2= 200 GeV 2 is of 100/o for w =0.2 and of 1g>ft, 
for w =0,3 ( g~l 4rr =0.2 and 11 2 = 10 GeV 2 ). This 
region for Q 2 will be reached in the future deep 
inelastic 11 - N scattering experiments I 221 . The os
cillations, however, could be observed at very large 

Q 2 only, which should not be available at this ex
periment •. 

SUMMARY 

A class of strong interaction models, in which 
the interactions between fractionally charged colored 
quarks are mediated by m:tssive vector gluons, is 
considered. In the latter all the vector gluons acquire 
masses via the Higgs mechanism, and all the scalar 
mesons are massive, The effective coupling con
stants -g and h are assumed to approach a limit 
cycle in the deep Euclidean region. Deep inelastic 
lepton hadron scattering is analyzed using this hy
pothesis. It is shown that Bjorken scaling for the 
moments of the structure functions is violated by 
power terms of Q 2 multiplied by an oscillating functi
on of Q2 (eqs,(21). The Q2 , for which expressions 
(21) for the moments hold, are limited by conditions 
(19). The present deep inelastic lepton hadton scat
tering data are unable, however, to distinguish bet
ween our and other (asymptotically free and fixed 
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point) models. We hope that the future deep inelastic 
11- N scattering experiments should apply to the re
solution of this problem. 

We want to express our gratitude to D.V.Shirkov, 
AV.Efremov and A,V,Radyshkin for useful discussions 
and remarks. 
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