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In unified gauge theories with color (excitable by lepton probes), color effects become
manifest in the asymptotic region through gluon terms. Several new results pertaining
to these are derived and quantitatively discussed. These may be testable at energies
higher than 50 GeV now available.

Color' as a hadron symmetry orthogonal to the
usual internal symmetries is an elegant concept.
Although invariant under strong interactions, it
may be broken by weak and electromagnetic
forces. ' Such is the case in the integer-charge
quark model of Han and Nambu' incorporated'
within a unified gauge theory. Thus it may be
relatively easy to excite color in deep-inelastic
lepton-hadron processes. This question, cur-
rently of great theoretical and experimental in-
terest, ' however hinges on the important issue
of the location of color threshold. If the masses
of the lowest colored hadrons are chosen in the
range of 3 to 5 GeV, simple-minded parton cal-
culations' with Han-Nambu quarks predict 50 to
200%%ug increases in the deep-inelastic electromag-
netic structure functions from Stanford Linear
Accelerator Center (SLAC) energies (&20 GeV)
to Fermi National Accelerator Laboratory ener-
gies (& 50 GeV), in gross contradiction with the
muon data' from the latter laboratory. This has
led to the widespread belief' that color threshold,
if any, must be at enormously high energies.

Recently, a counterargument has emerged
against the above logic. In spontaneously broken
unified color-gauge theories, mixing' among the
gauge bosons invalidates naive parton calcula-
tions' above color threshold. Mixing leads to
quadratic couplings" between various physical
vector bosons. In deep-inelastic lepton-induced
transitions into colored hadrons, the highly vir-
tual photon or W boson now has not only a direct

point coupling but also a gluon-mediated vector-
dominance type of coupling to any parton. A
negative sign between these two terms leads' to
a factor —m, '(Q'+m, ') ' in the amplitude, where
m, is the gluon mass and Q' is the square of the
absolute momentum transfer. This observation
has been made independently by Pati and Salam"
and by the present authors" (see also Ref. 8).
However, as shown below and in Ref. 11 but con-
trary to the assertion in Ref. 10, this does not
imply the vanishing of the color-excited parts of
the deep-inelastic scale functions far above color
thr eshold.

In these theories consistency requires both
quark partons and gluon partons" although the
latter respond to lepton probes only above the
color threshold. Direct point coupling leads to
Bjorken scaling" in the case of quark partons.
The same —in the case of gluon partons and in
particular with a Yang-Mills vertex —leads to"
a power violation of Bjorken scaling involving
Q'm, ' in E, and both Q'm, ' and Q'm, ~ in E,
(using standard deep-inelastic terminology).
Thus the suppression factor m 4(Q'+m ') ' does
make the quark contributions to the color-excited
structure functions vanish~' for Q2»m~, '~ ' i.e.,
in deep inelastic lepton-hadron reactions far
above gluon masses and color threshold, inte-
grally charged quarhs behave as fractionally
cha~ged ones. " In more detail, "the Han-Nambu
quark now has a momentum-dependent "effective
char ge" e (Q) = e, + e„m, '(Q'+ m, ') ', with sub-
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scripts s and n referring to the color singlet
(Gell-Mann-Zweig) and nonsinglet parts, respec-
tively. Below color threshold e = e, . Above col-
or threshold e =e, +e„ for Q'«m ' and a,ga.in e
=e, for Q'» m, '. But while the asymptotic gluon
contribution to E, vanishes, that to I', does not
and in fact scales. "'"' The gluon-partons then
lead to color excitation in the asymptotic region.
If color threshold is presumed to be somewhere
between SLAC/CERN energies (& 20 GeV) and
those within reach at Fermilab (50-300 GeV)
where the asymptotic region with color excita-
tion is assumed to be attainable, the ne'er colox-
gluon excitation effect is predicted at around the
15/o level in muon scattering at Fermilab for a
specific gauge model.

Despite the validity of the general reasoning
given above in a large class of gauge theories,
for concreteness let us choose the group'"
SU„&„(3)S SU+(2) S U(1) incorporating the Wein-
berg-Salam theory and Han-Nambu quarks inter-
acting with an octet of color gluons. The sym-
metry breaking is taken to give the gluon octet a
single mass (to preserve color symmetry to ze-
roth order in the semiweak coupling constants);
otherwise arbitrary ratios of gluon masses enter
(Cheng and Wilczek') the expressions for the

scale functions. We then find"

F, , (x) =F, ,'(x),

F, '"(x)=F,'"(x)+-,'xg(x),

E,' (x) =F,' (x) + (1+—,
' tan p)—'xg(x),

E," (x) =F," (x)+ —,'xg(x) .

(1b)

(1c)

(ld)

Here the superscripts & and & refer to scaling
regions below and above the color threshoM, re-
spectively; and CC, NC, and EM refer to charged
weak current, "neutral weak current, "and elec-
tromagnetic current cases, respectively. E'(x)
equals E~s (x), i.e., as calculated" in the Wein-
berg-Salam theory (with 6 as the Weinberg-Sa-
lam mixing angle) with fractionally charged Gell-
Mann-Zweig quarks. The function g(x) is the
probability-averaged population density of each
type of gluon with a fraction x of the longitudinal
momentum of the nucleon in the infinite-momen-
tum frame.

The novel feature of this note is the extraction
of quantitative information from Zqs. (1) on col-
or-excitation effects by the use of tke momentum-
consex'vation sum rule. "'" With an isospin-av-
eraged nucleon and ignoring the square of the
sine of the Cabibbo angle, one obtains"

8f dxxg(x) =1 —9f, dx[E, ' (x) ——,'F, ' (x)]. (2)

The Callan-Gross equality is F, ' (x) =2xE, ' (x), but far above the color threshold we have E,'E (x)
—2xE, '~(x) = -', xg(x). Using the notation &f=f' —f ' for —any object f, we have

f, dxbF, E~(x) =f dx[F, 'EM(x) —2x1', 'EM(x)] = ,' f '
dx—xg(x). (3)

Evaluating f dxxg(x) from SLAC/CERN data" through Eq. (2), we pre'dict

f, dxbF, (x)(f dxE, ' (x)] '= f 'dx[F, 'EM(x) —2xE,™(x)](f, dxE, ' (x)] '=15% . (4)

The exact number in the right-hand side of Eq. (4) is 0.15a0.06; but if one ignores the "sea" of quark-
antiquark pairs, Eq. (2) can be replaced by 8J,'dxxg(x) =1 —J,'dxF, 'cc(x) in which case, from neu-
trino data alone, "J,'dxxg(x) =0.061+0.006 and the right-hand side of Eq. (4) becomes 0.15+0.02. We

hope that this particular color-excitation test will receive tke urgent attention of the muon experimen
talists at I'exrnilab. " Next, we convert the integrated weak scale functions into total cross sections
to obtain2'

5 "" =, 6 '" =f dxxg(x) =0.061+0.006,O'M E t"'M E

8n 0 „„N~ 8m o-„„~c
QM E QM E6 "~ = (1+—' tan~6)f ' dxxg(x) = (1+—' tan'6)(0. 061+0.006) .3 (5b)

These effects are in fact quite small. For instance, using the known data" on (v+v)N total cross sec-
tions we find
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This is somewhat comforting since the charged-current total cross sections at Fermilab are known to
be consistent with smooth linear (energywise) extrapolations at CERN.

We next observe that if we neglect the sea of quark-antiquark pairs in the nucleon, we obtain the fol-
lowing additional results which, although less reliable, are nevertheless interesting. (A) Firstly,

o-„„'"--,'o„,'"=(G'~E'/v) 1, dxxg(x). (7)

Putting in the numbers and the relevant experimental information, "one finds that

(1/E')(o- ' --'o ' )[(1/E')o- ' ] '=0 028+0 004

(B) Secondly, ".

f,'dx[F, ™(x)—,r, 'cc(x)]=,f,'dxx g(x).

Numerically, Eq. (9) leads to

J dx[F (x) — E (x)] [J dxE (x)] '=0.085+0.007.

(C) Thirdly,

d 20 CC- Fg 2 "d'0 CC-

M
b

Edxdy M
b

Edxdy
-(1 y)2g(x)

(8)

(9)

(10)

r

where y is the inelasticity variable. " The linear
gluon term in y, if neither too large nor too
small, will produce a relatively more significant
effect in the v case where the colorless y distri-
bution is proportional to (1 —y)' than in the v

case where the same is y independent. This may
have something to do with the y anomaly" in v

scattering.
In e e annihilation into hadrons in the asymp-

totic region with color excitation, gluon contri-
butions are small in the present gauge model;
in fact they change" g (the ratio of the annihila-
tion cross sections into hadrons and muons) in
the asymptotic region by only -',. This is indepen-
dent of whatever may be the interpretation of the
recently observed narrow resonances in e'e an-
nihilation.

We have presented the numerical results for a
particular gauge model. The 15/o effect predicted
in muon scattering is of course encouraging in
the light of the strength of the apparent scaling
violations observed at Fermilab. ' However, the
basic point that we wish to make holds indepen-
dent of the gauge group chosen and many of our
results are easily generalizable to bigger gauge
groups. Actually, for the electromagnetic part,
it is straightforward to write the results in a
more general form. A gluon pair of charges +Q,
contributes —,

'
Q, 'xg(x) to E, M and & Q,

' to A in
the asymptotic region above color threshold (pro-
vided all the gluons, neutral as well as charged,
have equal mass).

In this note we have pursued the consequences
of color-symmetry breaking by weak and elec-
tromagnetic forces treated within a unified gauge

model. There exists the alternative point of view
that color is an exact symmetry. " The observa-
tion of gluon excitations (or the lack of it) in
very deep-inelastic lepton-hadron scattering in
the way suggested here will thus distinguish be-
tween the two points of view.

In conclusion, Han-Nambu and Gell-Mann-
Zweig quarks behave alike in deep-inelastic lep-
ton-hadron scattering as well as in e'e annihi-
lation far above color threshold where color ef-
fects emerge only through gluon scaling terms.
If the said threshold is presumed to have set in
below energies within reach at Fermilab, color
effects are not of the order of 50 to 20(P/~ as na-
ively expected' but are at a smaller level, for
instance around 15/0 in muon scattering. Color
is excited not too predominantly in the asymp-
totic region but it should nonetheless be visible
through gluons.

We thank Dr. V. Gupta for his comments.

O. W. Greenberg, Phys. Bev. Lett. 18, 598 (1964);
M. Y. Han and Y. Nambu, Phys. Bev. B 189, 1006
{1965),and Phys. Bev. D 10, 674 (1974); Y. Nambu, in
Preludes in Theoretical Physics, edited by A. De-Sha-
lit et al. (North-Holland, Amsterdam, 1966); B.H. Dal-
it2, in High Energy Physics, edited by C. DeWitt and
M. Jacob (Gordon and Breach, New York, 1965); W. A.
Bardeen, H. Fritzsch, and M. Gell-Mann, in Scale and
Conformal Symmetry in Hadron Physics, edited by
B. Gatto (Wiley, New York, 1973).

2See H. J. Lipkin, Phys. Bev. D 7, 1850 (1978); B.N.
Mohapatra, Lett. Nuovo Cimento 6, 58 (1973); M. A. B.
Beg and A. Zee, Phys. Bev. D 8, 2884 (1973); and other



VOLUME 36, NUMBER 7 PHYSICAL REVIEW LETTERS 16 FEBRUARY 1976

references given by M. A. B. Beg and A. Sirlin, Annu.
Rev. Nucl. Sci. 24, 879 (1974). However, these papers
do not deal with gauge theories incorporating color glu-
ons of the type considered in the present work.

J. C. Pati and A. Salam, Phys. Bev. D 8, 1240
(1973). For reviews of unified gauge theories see
S. Weinberg, Rev. Mod. Phys. 46, 255 (1974); E. S.
Abers and B. W. Lee, Phys. Rep. 9C, 1 (1973); Beg and
Sirlin, Ref. 2.

4See, e.g. , M. Chanowitz, Lawrence Berkeley Labo-
ratory Report No. LBL-4237, 1975 (unpublished).

See, e.g. , J. Ellis, in Electromagnetic Interactions
and Eield 7'keo&y, edited by P. Urban (Springer, Ber-
lin, 1975), and CERN Report No. TH 1880, 1974 (unpub-
lished) .

D. J. Fox et a/. , Phys. Rev. Lett. 33, 1504 (1975).
No radical departure from a parton framework [P. Roy,
Theory of Lepton Hadron -Processes at High Energies
(Clarenden, Oxford, England, 1975)] is necessitated by
the small scaling violations reported lately from Fer-
milab: Y. Watanabe et al. , Phys. Bev. Lett. 85, 898
(1975); C. Chang et al. , Phys. Rev. Lett. 85, 901
(1975). An increase of about 15% or so (as we propose)
from a scaling region below color threshold to another
scaling region above may appear as a scaling violation
of the sort observed so far.

70ur mixing method a la 't Hooft leads to different di-
agrammatic descriptions of most reactions from those
of Pati and Salam (Bef. 8) although the end results are
identical: G. t Hooft, Nucl. Phys. B35, 167 (1971).

M. A. Furman and G. J. Komen, Nucl. Phys. B84,
328 (1975); T. P. Cheng and F. Wilczek, Phys. Lett.
5BB, 269 (1974).

9Normalize the direct coupling term to 6&, whereup-
on the gluon-dominance term (with q2 = —Q2) becomes
(-g +q q m )(q -m ) (q g —q"q") The q q
part, acting on a Dirac or Yang-Mills vertex, vanishes
and the sum of the two terms leads to the quoted factor.

J. C. Pati and A. Salam, Phys. Bev. Lett. 86, 11
(1976).
"G. Rajasekaran and P. Roy, Pramana 5, 303 (1975).

The argument leading to the suppression factor is inde-
pendent of the specific choice of Higgs scalars made in
the above paper and should hold even if spontaneous
symmetry breakdown is induced dynamically.

The existence (see Boy, Ref. 6) (& 50% in the nucle-
on) of nonquark partons unexcited at SLAC/CERN ener-
gies (& 20 GeV) is required by the momentum-conserva-
tion sum rule which is due originally to C. H. Llewel-
lyn-Smith, Phys. Rev. D 4, 2392 (1971).

For a review see Boy, Bef. 6.
G. Rajasekaran. and P. Roy, Pramana 4, 222 (1975).

For Q -m, the parton description is invalid; the
structure functions may not be separable into quark and
gluon parts; any numerical estimate (Ref. 10) of the im-
pact of the suppression factor for the quark part is du-
bious. Note that m is the effective mass of the gluon-
parton which may be quite small compared to the mass-
es of colored hadrons just as the effective quark-parton
mass is believed to be smaller than usual hadronic
masses.

6Color-singlet parts cannot distinquish between. these;
H. Lipkin, Phys. Bev. Lett. 28, 68 (1972).

No gluon contribution to E'3 exists in gauge theories
with only vector currents exciting color gluons.

~8Mixing betweeen the strong and the U(1) interactions
robs this model of strict asymptotic freedom (desirable
as a theoretical foundation of the parton framework).
Asymptotic freedom can, however, be retained approx-
imately since the U(l) coupling constant is small enough
for perturbative treatment. Alternatively, embed the
group used here into a larger non-Abelian group with
no Abelian factor.

~9Gluon contributions to the v and v scale functions are
identical.

B.B. Palmer, Phys. Lett. 46B, 240 (1978); L. M.
Sehgal, Phys. Lett. 48B, 188 (1974).

2~Equation (2), valid without Glashow-Diopoulos-Mai-
ani charm, becomes an inequality (with left-hand side- right-hand side enlarging the gluon contribution) if
charmed quarks and antiquarks are subsumed in the
nucleon, and the parton framework is maintained. How-
ever, the parton picture may not be valid (vis a vis the
heavier charmed quark) at SLAC/CERN energies & 20
GeV (where, of course, charm is supposedly unexcited
in the scattering experiments), in which case Eq. (2) is
true if the charm contribution to the sea of quark-anti-
quark pairs is summarily ignored.

D. C. Cundy, in Proceedings of the Seventeenth Inter
national Conference on High Energy Physics, Iondon,
EngEand, 1974, edited by J. Smith (Rutherford High En-
ergy Laboratory, Didcot, Berkshire, England, 1975);
F. Gilman ibid.

~3The predicted violation of the Callan-Gross relation
given in Eq. (4) distinguishes color excitation from
pure charm excitation in the asymptotic region.

~4If charm is excited at Fermilab, there should be ad-
ditional positive contributions to the numbers given in
Eqs. (5a) and (6).

~5Charge symmetry holds so that E'»& ——E2».
B. Aubert et al. , Phys. Rev. Lett. BB, 984 (1974).

VH. Fritzsch, M. Gell-Mann, and H. Leutwyler, Phys.
Lett. 47B, 865 (1978); S. Weinberg, Phys. Rev. D 8,
4482 (i978).


