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Fay6oxomeynpyree nenros-aApoRHHe NPOUECCH B KAMEGPOBOYHBIX
MOAeNEX C MACCHBHLIMN BOKTOPHHMN—-TTIOOHAME

PaccuaTtpaBaerca xnacc moaesiefl CMbLHBIX B3aHMOAGHACTEBHYA, B KOTOPHIX
Apo0HO-3apAXEOHHELIG LBETHLHE KBAPKN B3ANMOAGACTBYIOT C MACCHBHHIME Hef-
TPaMbHHME BOKTODHHMHE III0OHAMN. BCe BeXTOpHBIe I'IIOOHE NOMYHAOT MAaCCH
np momMomn MexamMama Xurrca, Ilpeanonaraercs, 9To KanmGpopounas sdpex-
THBEAZ KOHCTAHTA CBS3N B H 5(pexTHPHAZ XOHCTAHTA CBS3H TETBOPHOI'O CKa-
nspHOro B3amMomeficTBEE B cTpemarcs x aamMxHEyTOMY OREAY B OGAACTE GO~
WEX NPOCTPaHCTBEHHRO=-NOAOGHLIX HEMITYILCOB., AHANH3EPYOTCH NOBEAGHHE MO=-
MEHTOB [N CTPYKTYPHHX (yHKNRA IyGOKOHEYNPYTHX JIeNTOH~AAPOHHHX Npo=-
neccos » obnactn Gombmux Q. Iloxasaro, aTo 6LepxeHOBCKE# CEeHNEHT
HapymaeTrca CTeneHHLMH 1o @° wiezawmn, YMHOXE@HHHIME HA OCHHIIEPYIOLIYIO
(no Q%) gynxumo.

PaGora sumnonmena B JlaGopaToprr Teopermueckoft ¢pwamxm OUAH,

lipenpunar O6veamHeHHOro MACTHTYTa SRAEpHLIX Hccilenobanuf. [ly6ma 1978
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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 masseg via the usual Higgs mechanism, The effective coupli-
ing constants 8 (gauge coupling) and k (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 Q2
multiplied by an oscillating function of Q2 ,

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

The discovery of a/e,ymptotic freedom in non-
abelian gauge theories 1/ 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 et e~ annihilation into had-
rons /2.8/ , deep inelastic lepton hadron scattering/ 4+5
and also to explain the mass spectrum, decay widths,
etc,, of the new particles /6:7.8/ | In all these papers
quantum chromodynamics (QCD) ( 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,
secord, only color singlet hadrons do exist,Alas,a
proof of color and quark confinement in QCD 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 massive scalar
gluons /10/

Therefore, we think it is worthwhile to consider
models in which interactions between colored quarks
are mediated by massive vector gauge fields. The
usual mechanism to ascribe masses to vector gluons
in a gauge invariant way (only in this case the
model will be renormalizable) is the Higgs mecha-
nism 11/ . This mechanism introduces new scalar
fields and their quartic self-interaction. In papers/4.12/
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 =0 ,
where g is the coupling constant of the gauge fields,
In papers /18/ spontaneously broken gauge models
which are not assymptotically free (the effective
gauge coupling constant g wvanishes asymptotically
and the effective quartic self-coupling i tends to a
finite asymptotic value) were considered, The conse-
quences of these massive vector gauge models were
analyzed, In particular, it was shown/14/that Bjorken:
scaling 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 h ) 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 wvector 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= paper /11/ 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 Q2multiplied by an oscillating function of

Q2.

QFT MODEL OF STRONG INTERACTIONS WITH
MASSIVE VECTOR GLUONS

Consider a local SUc(M) 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(n) .
We write them as an nxmmatrix ¢ transforming from
the left under the local gauge group SU/(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 18/
sufficient that all the wvector gluons acquire masses.
The colored gauge group SU,(m) 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 nx4 matrix ¢ .
The generators of SU(4) transform the columns .of
this matrix, whereas the generators of SU.(m) its
rows. The Lagrangian may be written as
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The " “are the SU (Mroup structure constants and

a
a . .
F* and T2 are the representation matrices corres-

ponding to the scalar and fermion multiplets, res-
pectively., After spontanecus symmetry breaking, the
Lagrangian in eq. (1) will be invariant under a glo-
bal SU(m) , a subgroup of SU®Mm)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 /17 In what follows 8U, @)group is
chosen as a color group, ie., 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 INELASTICLEPTON 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
Fx (X, Q%) in the region: Q%=-q%se , v > and

2
X = Q2 fixed ( k =1,2 for electron hadron and

k=1,22N,l3V 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’/19/, sum rules for the struc-
ture functions can be obtained /10/in the limit of
large Q2 (Q%>> M2 , 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

( 1 -
M;)(Qg)s fdx x" 2Fk(x,Q2) =
]

@ , Q°

el () 2 Q.2
<e >%clzu)Ei(k) ( ue'g“' u)+

2

2 M
'h#)+ 0(—6?,

2
2 .
+ % (eza—<e2>)c;n)(u )El\flslzk)(—%.g#

n-24,..., k=12, i=V,y,S. (3)



In eq.3) F x.@®)=2Mmxw;x, Q%) Fp (x,Q%=vWe (x.Q%),
where W, and W, are the usual structure functions,
and €, are the quark charges., The constants ci((';))(lﬂ)

and the functions E (W) are connected with a

i(NS)k
strong interaction dynamics at large and small dis-
tances, respectively, The quantity 1/p with dimensi-
on of length can be considered as a boundary bet-
ween small and large distances, It is reasonable
to choose p> My,4,, but the particular choice of pa-
rameter p within this region is arbitrary, The un-
known constants C{), are determined by the hadro-

nic matrix elements of the operators Oail(a) "
Co.ag

a)

1 s i m o
_2—S=i17£'sl Oal-«-an @©1p.5> =Cyg) (1 )pa1"'pan+(4)

+ (terms containing 8 aja; ).

Note that only the term proportional to Pgy-+ Pgy,

in eq. (4) contributes to the leading terms in the
moments of structure functions (eq.g3)). For the dif-
ferent hadrons the constants C(Jl)(# ) 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
lisht cone will be:

i" a
oV =— S{TtF_, v ...y F }-trace (5a)
aj..-ap 2 1" ap aQp—-1 2p terms |,
.n—~14 -
090 -i7'SS{y y D ..D y_ }-trace (5b)
al...an 2 a=1 a a1 a2 an a terms ,
S i o +
=1 - t
Oty ™y DARES va.l.. Vanqbi} trace terms, (5c)
n=1
0 A -1 g {;Zay D ..D ¢a§ —trace terms,(5d)
al...an 2 al a2 (Zn

where Va and D _ are covariant derivatives, §
denotes the symmetrization over ay--ay and a deno-

tes quark flavor, 2 _
The coefficients ci((?) (") can be expressed in
terms of parton distributions as follows:

c(in)(#z) = } dx x"_lfi(x,#z), i=V,S,
0
n - 2
o™ () =fax AL (xT) ¢ 1 ) L (6)
0

Cf;)(#z) = Ea cMu?y,

where fy, fg, fa, fa are the gluon, scalar,quark
and antiquark distributions in hadrons at momentum

transfer Q% =u? |, respectively.
if Q22 p®»>>m?( m denotes all the mass parameters

of the Lagrangian (1)), the coefficient functions
2 2 2 .
E(in()NS)k (Q/p 8y hp) satisfy the following renor-

malization group equations:

d 2 Jd _ _ 2 n )—Q—)8~ N
L(—=-8B (8 'hp )- 5 Bh(gp i ij
gt "EH e, an, (2)
2 ™ Q%% e’ n y)=0,
+y§';)(g#,h#)]Ej(k) (Q/u Ly #)

, : 5
ad 2 I _g(g?.h ) N
['57 —Bg(gl"hl‘)—_—agz B 1( p a’ -

g 2 5 g (7b)
(m 2 m Q..°h )=0,
+yNs(g#’h#)]ENS(k)( #2'g# w
2
1 Q
where t=-2—[’,n———#2 .



Here y™ is the matrix of anomalous dimensions
of the flavor-singlet operators 0:'1‘/’ 's;l defined
Soeag

by egs. (5a~5¢) and y(n) is the anomalous dimension
of the flavor non51nglet operators();l,_ ap defined

by eq. (5d). Note that for simplicity hi=hg=h (in the
Lagrangian (1)) is supposed.
The solutions of eq, (7a, 7b) are

2
n) ~Q 2
—_ rh =
o (T3 78, |
t (82)
™ =< 2=
= [ Texp = [y (8% h)ax} B A.6%h),
M Q° 2
E Ns(k)(?’gu'hu) =
t
(n) -2 - (8b)
= fexp - Jy(g)s(g Jh)dx d \IS(k)(l’g h),

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

dg2(t, g2 hy,) dht,ghh g
dt“ = B, ®2h), - =B, @21) (o)
and
£%0,82,h ) =g2 , h(0,82h )=h . (10)
[T p boop 7
10

In the deep Euclidean region (Q2 2 u2 >> m2)

the effective coupling constants are assumed to
approach a limit cycle

g(tr g#rhu) i gocoswt s

- _ (11)
h (t,g#,hu) - hosmwt,

where g_, h_and  are unknown parameters,
A period of this limit cycle is given by r =27/w.
We suppose als o that

ho~ g8 << 1. (12)

Then, in our model the anomalous dimension matrix

y™ (g2, 1 ) for large Q2takes the form
2 2
}’(n)= y(n)EO_ cos ot +0(gg) =
4772
¢ \
n Vv n. Vv n.V
Yyv Yingr Vss
" v ;
n n g 0
-1 v y 0 cos®ot + 0 (8, )
AV ynfr 47 2
(13)
n, S 0 n, S
Y Y
9 \'AY SS J

/
with the matrix elements /45,21
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The perturbation expansion of Y@ 2E ) (eq.(13))
has been received using the following condition:

n S 2

’ L Q
—Lis-—tgigl, L =fmn—. (14)
nyS 2 #2

SS

Here nyéss is the coefficient in front of the term

(_h-ﬂg)zsinz“-)zE in the expansion of ¥y matrix and
167

n. -S 1
Yss T 1g a-

6
n(n+_1)) (13m +17). (15a)

In eqgs. (13,15a) M is the number of the Higgs multi-
plets,

The solution of the system of equations (8a) in
the limit of large Q2 , taking into account the expli-
cit form (13) of y(™Mis

™ g® 3 A g
i —3 = - 228 (uyL +singlL)}
% it ( #z'gﬂ,h# ) ?El exp | 4o 4772(w ’ wb) ix

4
PPV (1 oL, 0, (0

(i:v,¢l,s ) k=1,2), ) (15)
n) . .o~ (mT

Where Aé are eigenvalues of the matrix y
(yTis a transposed y )

ST _ &, pf (16)

f=1
ard Pé“) are projection matrices
(n), (n) n)
PPV 5 PEY S Po=l. (17)
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To obtain eq.(15) we have used also the perturbation
theory expansions of the functions E(i'&) (1,2 h)

-2 -2
E™ 1,850 = 08D,
V (k)

(n) 2 = -2 (18)
E¢(k)(1,g !h) "1+0(g )t

(n) =27, /=4
Es(k) (1,g8%h) =0(g") .

Note that eq. (15) is true only for the Q2 (L =fn-92)

. pE
which are limited by the conditions
n
tg2 _C.U_Ii < ___.)_/.S_SS_ s
I 19
Yss (19)
2
g
2L <,
472 -
and for o > g2/4n%.
0
2
For the non-singlet functionsE(;;(k) (_Q__; g2 ,h )
: 2 B M
which satisfy eq., (8b) we have H
2 (n) g2
NS(k) p2  p p do  4q2 (20)
4

x (1 +0<g; L, —50))(1+0(g§)> .
«@

So, in the region: Q* 2y2>>m,2 Q® >>M?%and limited
by the conditions (19), we obtain the following re-
sults for the singlet M(s“i and non-singlet M(Igg(k)
pieces of the moments of the structure functions:

M™ (%) =<e2> 3 3 exp{-__é_ oL +
S(k) i 4o 42

14

4 2
+sinwL) e ™) (P™)  x 140G L, B0y} 0 M),
i [} i 0 Q2

v

[43]
(21a)
M(n) (Qz) b3 (82 <e2>) (n)( 2 X { )’g_ls) gg L
NSC) =2 - ¢ ) exp ——w ‘; —(wL+
4 2 21b
+sinwL)}x11+0(g4L,—g—°-)¥+0(—h-d—)- ( )
0 [ Q2

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*® for which expres-—
sions (21) for the moments hold, are limited bgf con-
ditions (19). For instance, for m=2, Q% _3x10 1®(Gev)?

max

2
when g;/47=0.2and o =0.2, while Q> _1.5x10%%GeV)?

when g%/4n=0.2 and ©=0.83 , where Q% are maximal
values for which expressions (21) are "€Hll true. To
consider the region of larger Q2 we should take
into account the higher perturbation theory correc-
tions to the expressions for y™ and E() (1,%,n)
(eqs. (13) and (18) respectively). The é(éép inelas-
tic lepton hadron scattering data available at pre-
sent time are not able to distinguish between the
logarithmic and power in Q2 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
dx x" 4 F, (x, Q") F, (x, @)}
R™(q?) - e : 2 v 221+08%)) (22)
}dx 8 F, (%, Q®)
0
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( h™ are some known constants) is crucial for
distinguishing different models. In the fixed point
models

2
R(ln)= h(n)go / 4n® (23)

while in our model

(n) (n)
Ry'=h g%/4nzcosz—“—f2—L— . (24)

The deviation
(n) _ p(n)
Ry’ -R
AR =--1__.2 _
R (n)
2 Ve |
at Q%=200 GeV is of 10% for © =0.2 and of 19%
for ©=0,3 (88/47 =0.2 and #? =10 GeV?). This
region for Q2 will be reached in the future deep
inelastic p - N scattering experiments 22/ | The os-
cillations, however, could be observed at very large
Q2 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 massive vector gluons, is
considered, In the latter all the vector gluons acquire
masses via the Higgs mechanism, and all the scalar
mes ons are massive., The effective coupling con-
stants 8 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 @2 multiplied by an oscillating functi-
on of Q% (eqs.(21). The Q% for which expressions
(21) for the moments hold, are limited by corditions
(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
p—-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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