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ABSTRACT

We discuss the effect of pcalar partons arising in QCD if the colour
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In unified gauge theories such a&s the su(h)flavour x SU(h}colaur model

of Pati and Salam 1 gealar flelds play an Important recle in gpontaneously
breaking the colour gauge symmetry and providing masses tc the gluens. One
remarkable property of this spontaneous breaking mechanism is that for integer-
charge querk (and gluon) models, the colour part of the photon in lepten
induced deep inelagtic ‘processes essentially decouples from the flavour sector
in the deep inelastic limit, so that quarks are effectively fractionally

charged at short distences. This decoupling incresses as ma(qa)/qz +0 ,
where m2(q2) is the effective mags of the gluons. It alsc takes place in
the scalar sector, so that the integer-—charge scalar particles will effectively
also behave as fractionally charged at short distences, and gluons ms if they
were electrically n«utral.*) In this sense, then, the theory behavesa like con-
ventional QCD, with fractionally charged quarks and neutral transverse gluons
pius additional {fractionally charged) scalars. In the exact symmetry limit
when ®m -+ 0 , the photon is pure flavour rather than flavour—colour mixture,

and the theory is exact conventional QCD. 2}

In this note we wish to estimate the departuresg from the standard
(fractionally charged quark) QCD, particularly in cL/aT dus to the presence
of scalars for lerge q2 . While the formallsm presented applies quite
generally, we are gpecifically interested in the "minimal" scalar Higgs multi-
plet made up  of nine complex scalar fields, conalsting of three colour
triplets, with the seme charge metrix as u, d and s quarks." Such & multi-
plet is necessary if, after spontanecus breaking, the colour symmetry is to
ressin a "good" global clasgification aymmetry. In the exact theory, eight

L] The precige ptatement is that the electron-hadron interaction is of the

long-range form quJlep Jflwour} pPlus terms of the type

-2 2 2,2 -l lep eol . -
[q - [q"="(a™)] }, P FOIOUT L mor low frequencies [qe + 0 but u(q°) ¥ 0]

hadronic electrical charge is given by (J flavour | ;eOlOUT) .1y the quarks,

scalars and gluons are integrally cherged. For large q2 » When
mz(qa)/qz +0 as q2 + =, however, the second term and with it the colour part

of charge becomes decoupled.

") In Ref,l, four triplets corresponding to u, 4, s and ¢ guarks are
introduced. However, one may expect the fourth triplet to be very heavy; in
any case tlree triplets constitute the "minimel" set for the emergence of &
good colour elassification symmetry.
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of the 18 real scalar flelds will Jein with the transverse gluons to produce
the longitudinal components of the now massive

gluonie fields, while the remaining scalars renain s live Higgs fields.
This is assuming that the mass parametzr for these scalar particles has the
requisite sign for the Higgs~Kibhle phencmenon to cecur. In order to pre-
serve asymptotic freedom of the theory including scalars 3), we shall also assume
that the bare coupling parameters ,\0 in the Ao¢h terms of the Higgs
potential are zerao. This means there ig only an effective 1 , induced by
the interaction of the scalars and the glucns. In thias case the recent
discussion of Salam and Strathdee applies and the theory retains asymptotic
ﬁ'eedom.h.)

1)

In mccordance with the colour décou.pling theorem nentioned above s WE
shall ignore the colour contribution tc the photon, sc that the starting point
of our discussion will be the following effective extended QCD Lagrangian, ¢on-
talning scalars without the lodu coupling:

£d=-apa-i A

2
+ 37 0% 2nge®
wher'e
= A
(13“)1‘1 = (& +m) 61J + g auxu(t,}i._1 '
(1}

(v

a
Was 7% Gy m e A8y

In (1) the matrices t, end §, depend on the particular colour represyat-
ntion of the quarka and scalars,{The flavour indices, not indicated here, are
treated in the usual way.) We shall specialize to the particuler case of

the "minimal" Higgs representation defined above later. For large q2 R
when masses are irrelevant, the gluons Au 's are trangverse and all scalars
{including those which in the exact thecry make up the longitudinal gluons in
the conventionsl Higgs mechenism) contritute egqueally. The =calars have no

Yukawa coupling to quarks.

Now, in the limit that mg can be neglected compared with other fre-
quencies in the problem, the scalar part of the Iagranglan in (1) leads te
mieh the same ultraviolet behaviour &z the fermion sector,end by ltself wouid
behave like QCD with charged scalar partons. This means we ran readily gy
the technique developed for vectors and fermious 5) Lo deduce the anomalous
dimensions. Further, we can extend the recent results in GCD 6)’7). by wileh
the evolution with Q2 of the quark and transverse gluon distribution functlons
q(x.qa) and G(x.ae) can be caleulated from coupled sets of integrel equatlons,
to egtimate the scalar (Eiggs) parton distribution s(x.qz‘. genereted at snort

distances.
-3

The ususl anomalous dimensicns or critical exponents of QCD  ( y:)
(where a, b =F, V} , involving only fermions (F] and vectors {V} areaahcwn
to crder 32 in Figs.l(a)-{d). 1If we include the scalar sector in (1), we
have in addition the exponents shown in Figs. l(e)-{g). The ancmalous
dimensiong agsocilated with the gluon propagator and the B function will also
be modified by scelar loops (see Ref.3).

For fermions, the vertex correspending to the deminant twist-two

operator has the form 7/

(F} 1
<0 E = Eooveey vy . (2)
“1"'”:1 2n - I-li vy M,

This does not lead to geuge inveriant diagra.ms. so to order 52 one must
add diagrems involving a vertex with two fermjon lines and & veetor line (see

Fig.l(s)). This has the form
m k ...g P veeY e . (3)
o Bpo WY Wi My g

For scalars, the corresponding twist-two operator <0](18) " } sinply involves
10ty

the replacement of y by ku in {2) and (3) and the sppropriste modification
"
of the statistical weight factors, so thet for example

<01(-|5)---u> SRR (Y
1 n 1 n
In Ref.7 it was shown that in the eppropriate non-coveriant gauge, the gauge
correcting additional diagrams disappear in order 52 for fermions. It is
gimple to see that this also holds for scelars. Using essentially the same
computéation as in Refs. 5 and 7, we obtaln the set of anomalous dimensions

in Table I, where we also give the usual exponents in QCD.

In conventional QCD without the scalars the ancmelous dimension matrix

FYn VYn
wrl (5)
Fin vin

becomes repidly diagonal as n becomes large [see Ref.8 for & review of this

and related questions] because the off-diagonal terms drop off rapldly like
v F 2

(prp){yyy) ™ 1/2° 5 so that

.

L > ¥

o
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(ySinELety o (yIon-singlet [1 - o[—,;i—]] (6)

n log o

gipne FYF - Ynon-““l“ vlogn as n +e , This simply says thet we
expect the qu;rk diatributions to daninate es x + 1 , remembering that only

the fermiong couple to FE(x.Q ) in deep inelagtic scattering.

¥When we add the pcalars,instead of the 2 x 2 matrix (5) we now have
a 3 x 3 matrix of snomalous dimensions I which also hes rapldly vanish-
- ]
STn sleo grows
like logn as n += . This simply means in the Bethe-Salpeter language
(Refs.6 and T) that the fermion and sealar {terations exponentiate independently.

ing off-diagonal elements es n beccmes large , while

The structure functions cen be written in terms of the elgenvalues {Yii } of
Yo ® through the decomposition

(1)
21y
2_2:2 an i . (1) Ja@)]™= b
Fa("'q ) " I on 1 s Pn,ap 2 Ay v m
- 1 x (Qo)
with F. » « == F_ for fermlons, F. ® 0 for scalars and where pld) uyt u
1 2 "2 LA § n,ab ai ib

~1

is the projection operator ontc the ith eigenvalue [U Y, U diag(yn)] and
~ ~

A: pul...pu -<Plo(b)”un|p> ; (8, b run over F, V and 5).

The above gtatement sabout the lerge n dependence of Y, ¢ means that
a8 x -+ 1 only the fermions and scalars contribyte to the sum over a and
[r,s]
b and Pn.ab + §
distribution Sa(x) to vanish faster than the quark distribution q‘(x) ag

x+1. This simply corresponds to saying that only walence guarks dominste
(8) A(F) for

b For low q2 < Qg we expect any primordial scalar

the mcleon wvave functiop es x +1 . In turn,this means A
jarge n , s0 thet we expect to see the effect of the scalars cn:l.z in the

lower moments and at smaller x .
the
To eatimate the slze of the A: 's in Eq.{T), one mey observe tha.t[fa.ator-

- Yn'/Yn
ization relation M (n.Q )= |:non singlet(n Q%) for the moments

non=-singlet
M(n.Qa) of the noh-singlet structure functions does not hold if Ai ia large
for any n . This fsctorization relatlon is currently being used {(Ref.g}

to study QCD through the ratic of moments of F2 and P However, the

3

—5=

relevant n's are rather la.rge. typleally n 3 3 , for which one may expect

Ai 's to bhe smell in apy case.

To study the effects of scalars on the smaller maments, consider the
n = 2 moment, for which the appropriate operators in the ghort distance
expansion are related tc the energy and moﬁintum tensor 6 v This moament
corresponds to the momentum sum rule and we discuse the sffect of the scalers
on the QCD result concerning the fraction of the total mementum in the muclecn
carried by the quarks. This fractlion tends,at high Qa , to the value
rq = cl(t) [Eca(t) + cl(t)] ® 0.36 far sU{3)
u, d and s . Here rc1 1s given by

¢ olour and three quark flavours

:3 1

2 q rpeP en. 3 (VP v

rq' E J‘dqui(x.q)-j t.i.‘a;{z[‘i'2 +F2]'F[F2 +F2]}- (8)
i 0 0

The mbove regult corresponis t0 & zero eigenvalue of the 2 x 2 ancmalous

dimension matrix Yy When we add the scalars, ) ia repleced by the
3 x 3 matrix:

2 ,(t) /] -, (t)
L=z o e (8) - T ey le) (9)
20 ,(t) ‘137°a(°) o, (t) + ]l;cl(al

Specialize to the case of the three colour triplets of scalar filelds,
mentioned at the beginning of this note, which have the same repregentations
a5 u, & and 5§ quaerks, so that t;’d e:d = :\:J {(the Gell-Mann matricea

for the 3* representstion) apmd cl(t) - cl(e) = 3/2 4 e,(t) = o (e) = L/3

In this case Yo hes the eigenvalues y(i) = 0, 0,25, 0,92 (compared with
(i) = 0, 0,88 for QCD without these scalsrs}., Further, it is & simple
matter to compute mmerically the appropriate projection cperators for these
eigenvalueg, from which one finds r (»} = 0,29 , r (..) = 0,16 end
r (w) a2 0,52 (compared with » (u) = 0,36 and r (w) = 0.64 for conventional
QCD) However, because of the small second. eigenvs.lue (2) = (.25 , which
leads to corrections of the order [Q(Q )/a(Q )} , with 4 = 0,2 , these
limits will cnly be reached at high Q Fu.rther. if the gluons and
gcalars are only generated at short distances, so that for Q2 < Q§ ’
ro = 1, r,=r, = 0 , then it will be very diffilcult to see any differemce
from conventionsl QCD. On the other hand, if scalars are primordially
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2
present at lower Q , there should be measurable differences with QCD, depend=-
ing on how large the primordial component is. For example, the sum rule (8)

2
with the minimal set of scalars (with the average <ei>sc alars " >uu_ks

will yield the value r (w} + r (-) = 0,48 , which is appreciably different
from the qcn value of r (w) = 0 36 . However, this estimate pertains only to
very high Q

In any cage, sinoe rs(u) tends to a finite constant, the sum rule (8}

acalar

with the replacement of F, by F, = F, can be used to determine

1
2" x M
its value in any particulsr model. In fact & useful sum rule to study willi be:
1
eN ' 1 eNf |
[o i g o] ;
0

r
pealars. g

1
et? J dx x si(x,Qe) (ei

i = scalar [4]

fiavour (10)

This wilt then give an estimate of the normaelization of Si .

An even m‘ore useful conclusion is reached if one locks at the efgect
of the sca_ls.r partons on o /cT s which will tend to & constant 10), as opposed
to 1/log Q for QCD without scalaers. This constent can be estimated in the
following way., Assuming that G(x) , S(x) are, regpectively, the primordial
gluon and scaler distributions for Q2 < Qﬁ + we can,tc & reasonable Bpprox-—
imation, estimate (Refs,& and 7} the scalar distribution at large Q2 frgm the

formula:

2 1.,
3(x,0%) = s(x) + 23 106 /2 I &, [pSG,[;’:—.] 6(x") + pyg [57] S(x'] .

x
X
(11}

where Pag and Pog are the Altarelli-Parisi kernels6}

gluon transitions. They satisfy

for the scalar-

1
n-1 S
J dx x° 7 pgglx) = 27 oy

¢

1 (12}

n-1 . s
dx x pss(x) 2% s'n *
Q

In particular, pSG(x) = 2o (B)x(l-'x) , so that if we assume for

simplicity S{x) = ¢ and g(x) = c(l-x) /x s it is & gimple matter to show

2 2
) 1o 1¢
2°1(9) zy (13)

2/9,

while for x + 1 , s(x,q?)/q(xlqe)'m (1-x) + The longitudinel structure
function is glven ty FL(x,'Qz) a E eis i{x,QE} , while in QCD without

scalars, FL =0 , except for highie‘.r order corrections. These can be written

in the form (see Ref.3):

1 gt
F(x,07) = a(@®)e,(t) xaj ;—:‘9‘3-1“2(::'.&2) S ()

X

From {14) we learn {assuming Fz(x.qa) + constent as x -+ 0) that

F (an )

( Q) rgrar aa(a Je (t) . (13)
F. (X,

with the above simplificaticns, the presence of charged scalars leads to the
result

e > oy
(] .
0 e [Rey(0) m ey () - Fey(0)]

2
FL(x Q)

a(x,Q°)

(16)
In the specific model of Ref.l, the ratio {16) is 0,08, where we have
2 2

used the fact that in the minimal model E e, = 2 x 3 and at current values

of Q2 , G(x.QE)IFz(x.QE) » 3,5 (see Ref,1] for fits to the data, where,how-
ever, only conventional QCD is teken into account}. Thus aL/oT - FL/F2 = 0,28
ag x + 0 . This should be compared with the QCD predictien using (15), with
al{Q ) = 0,1 , which gives a value o /cr n 0.1 at small x ., Since we have
set the primordial scalar distri‘bution s(x) = ) , the above estiml.t.e is minimal
in the sense that 1t generated at short distances {(i.e. large Q ) It is
clear from our obeervetlons that a very detalled meapurement of UL/oT as &
function of Q° end x . will be valuable in deciding whether the scalar
sector is present or not, if only es a dynamical effect.
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TABLE I
anasalong dimensions ‘\r: wvith &, b=F, 8, V.
FERMIONS SCALARS
n n
¥ [2(¥ 2 i | s [°2'®) 1
P'n | "n “EET Y ) F lea Em LY ]
J=2 J=2
v °2(t)l' n2+n+2 ] YV °2(°) 1
Fla |7 "7 |(a-Dn{n+iY] §n T Tw n=l)n
2 (t) 2 ¢ (8)
F 19 p%ame ] s %1 1
vin |7 T |nl{m D) (ee2)) vio |7 T (B 1) (me2)
e (c)|‘ -
v a2t L b il . 2 1
vin | Lé' - w1y~ Tenmey ZJJ * 35 Loy (8) + ey (e)l
2

a b
ca(G)G‘b -Z Toed Thea * cl(M)Gab w Tr{M M }
ed
"
::,‘,(u)ﬁu E (M‘M )i.‘l N fah: referg to the structure congtents of the
a

guge group and M:d is a particular representation matrix.

1)

a)

3}

L)

5)

&)

7)

10)

11}
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golid lines are quarks, wavy lines are gluons end dotted lines are

scalars.
{a)-(d) graphs for anomalous dimensions of QCD;
(e)-(g) show the sdditional contribution for scelars.
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