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In the context of the unconfined-color gauge theory, we study whether the color gluons may be relatively light

and yet have escaped experimental detection. We find that photoproduction experiments, which provide the
most severe restrictions, are not yet quite sensitive enough to exclude the existence of color gluons with a
mass in the region of 1.1 to 1.8 GeV, but a modest increase in sensitivity in such experiments should enable

one to settle this question one way or the other. A gluon mass below 1 GeV appears to be diAicult to
reconcile simultaneously with the observed value of g —2 for the muon, experimental upper limits on new-

charged-particle lifetimes, and photoproduction experiments. A mass between 2 and 3 GeV appears to be

incompatible with data from e+e annihilation and photoproduction. An explicit search for a narrow neutral

gluon (I -1 to few MeV) in e e annihilation in the energy range 1.1 to 1.8 GeV, which (if it exists) will

exhibit itself as a prominent peak in cr„„„should provide a more definitive answer to the question of whether

observable gluons exist with such light mass.

I. INTRODUCTION

The theory of quarks with flavor and color per-
mits two distinct alternatives: (i) Quarks are
integer-charged, and the octet of color gluons
acquires mass through the Higgs-Kibble mech-
anism; color is observable and is as physical
as flavor quantum numbers. " (ii) Quarks are
fractionally charged and the octet of color gtuons
is massless; in this second case one must assume
that all color-carrying objects, including quarks
and gluons, are permanently confined. '

To facilitate discrimination between these al-
ternatives, it is important to seek out those dif-
ferences in their predictions that are observable
at relatively low energies. In particular, many
readily observable phenomena should exist in
the scheme (i) if the color gluons are fairly light,
say m & 2 GeV. While this scheme does not neces-
sarily require the color gluons to be light, light
gluons might be favored over heavy ones in this
fram cwork for reasons stated below. Exper i-
ments should be able to support or rule out this
variant of scheme (i) without much difficulty.

We are led to consider the possibility that the
color gluon may be relatively light because of
the recent realization4 that within the color-gauge-
theory approach, ' leptoproduction of color receives
contributions from two sources —the photon A „
and its orthogonal color-gauge partner U„which
cancel each other at large q' (except for the dif-
ference between their propagator functions). When
all. owance is made for this cancellation effect,
the lack of production of color states in l.epto-
production experiments becomes consistent with
the hypotheses that (a) quarks carry integer
charges and yet (b) the color threshold is rel-
atively low.

A theoretical motivation for pursuing this pos-
sibility comes from the foll.owing consideration:
Presumably the exchange of color gluons provides
the potential which binds the quarks to form ordin-
ary hadrons. If the range of this potential is very
short, corresponding to a large gluon mass, it
may be difficult to reconcile such a picture with
the known size of hadrons. (Large coupling con-
stants might then also be required, which would
be in conflict with estimates obtained from an-
alys es of electroproduction. )'

A further independent motivation for examining
this possibility arises if one wishes to interpret'
the p, e events observed at SPEAR' as due to in-
teger-charge-quark decays rather than heavy
leptons. Within a unified model' of quarks and
leptons, this appears to require the existence
of colored-octet vector mesons lighter than quarks
(in this case mr& m, = 1.9 GeV).

The purpose of this paper is to consider to
what extent the existence of light col.or gluons
is compatible with present experimental. informa-
tion and to suggest where further experimental
effort might best be focused. In Sec. II we discuss
the decay modes of the color gluons and give some
formulas for the decay widths. In Sec. III we
discuss photoproduction, which at present ap-
pears to put the most severe constraints on the
allowable gluon masses. In Sec. IV we consider
the constraints from various other processes.
Our main conclusions are summarized in Sec. V.
The Appendix contains a calculation of the gluon
self-energy, which is needed for an estimate
of the photoproduction cross section.

II. DECAY MODES AND LIFETIMES

The discussion below assumes that the spin-
1 octet of color gluons (V ~, V r~, Vox~, U, and
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V) are the lightest states transforming as (1, 3)
under SU(3) XSU(3),'„. The corresponding physical
gauge particles inevitably possess' (via spon-
taneous symmetry breaking and mass diagonaliza-
tion) small admixtures of flavor-gauge mesons
(W's), since in the integer-charged quark theory
the photon is an admixture of flavor- and color-
gauge mesons. The relative proportions of these
smalL admixtures get essential. ly determined by
the composition of the photon on the one hand and
the physical. masses of the gauge particles and the
gauge-coupling parameters on the other. These
small admixtures are crucial. to the decays of
color gluons since without such admixtures, six

f th o t t(V„V „V,'„V,',) ld
be stable by conservation of color quantum num-
bers (I,' and Y'), even though electromagnetism
would violate color symmetry. We list below the
charged and neutral eigenstates and discuss their
decay modes separatel. y.

A. Decay modes and lifetimes of the charged members

The charged-particle eigenstates [ignoring cor-
rection terms of O(6') with 56 10 '] are given
by'

V
p =cosPV'p+sinP

V i~=cosa V z&+sinnW~,

tV, =m', —V psinP —V ~, sina,

where

bidden decay modes are

(V ~ and V«~)-e' v, , p,'v„
- «vev, KKev, q7)ev (hadrons in 1 =0,

C = + 1 state)

Note that the semileptonic decay modes of V
~

must necessarily involve emission of hadrons
via strong interactions through transitions of the
form V' -(V z),„„+(pious), etc. Thus, by
conservation of isospin, strangeness, and C in-
variance, the semileptonic decay modes can in-
volve two pions or t&&&o kaons in the final state
with I = 0, C = + 1; but single-pion, single-kaon,
single-p, or single-&u emission (i.e. , V z-«e v

or Ke v, etc. ) is i'orbidden [at least to O(o. ) in the
matrix element]. Single-0 emission is forbidden
by SU(3}and SU(3)'.

Using Eqs. (1) and (2), and setting (g'/2m' ')
= G«/v2, we find that the decay rates for some
of the typical modes are given by

I'( V ~
- p

'
v) = 1"( V p

-e '
v)

sina = —sin(8~+ /~)(mv/mg )'(g/f),

sinP = —cos(8~ + Pl, )(m„/m „)'(g/f ).

Here 8"~ are the canonical weak gauge fields
coupl. ed to the familiar color-singlet charged
V-A currents (of quarks and leptons), while V ~

and V ~~ are the charged members of the
canonical color-octet strong gauge fields, which
are coupled to flavor-singlet but color-octet vec-
tor currents of quarks and gluons. The low-ener-
gy effective gauge-coupling parameters associated
with the Wz and (V z, V «~) gauge mesons are
denoted by g and f (g'= 2e' and f'/4« = 1 to 10).
The masses of the color gluons and 8"

~ are de-
noted by m~ and m~, respectively. The angles
8~ a.nd 4)l, denote Cabibbo rotations in (5f, A.}1. and
(6', c)~ spaces, respectively; the observed Cabib-
bo angle is 6)~ =8L, —iI}I.. For our estimates of
decay rates of V

&
and V ~~, we shall take

sin(8~ + P~) = cos(8~ + 4)~) = 1/)) 2 .
Since V z and V ~~ decay only because of their

W~ component, some of their allowed and for-

where, assuming a p-dominant form factor for
the transition V& - 5' —m+m,

m 2

E m')=
m '-m '+fm r

s

Note that the partial width for the pure leptonic
mode is proportional to the fifth pou~e~ of the
gluon mass and is inversely proportional to the
strong gauge-coupling parameter f' [this is be-
cause the sine of the mixing angle P is proportional
to (mv'/f), while the phase space for the leptonic
mode is proportional to mv]. We give below the
numerical values of the l.eptonic rates multiplied
by f'/4« for some typical value of m„:

p) ——X ].0' sec (m =5QQ Me+),

= 5x10" sec ' (my=1000 MeV),

= 4&&10" sec ' (m„=1500 MeV).

We have made a rough estimate of the semi-
leptonic mme v mode assuming e dominance and



15 HOW LIGHT NIAY OBSERVABLE COLOR GLUONS BE~ 149

Vw-e'v, (30+5)%
—l2' v„(30+5)%

-ww, 3w, 4w, KK, . . . (30+10)%

- wwe v, KKe v, 2}2le v (few)%.

Using these, the total decay rate of the charged
gluons is found to be

f2

I'(Vw)„&--5x10" sec ' (mr =500 MeV)

= 1.5x10" sec ' (m„=1000 MeV)

(5)

= 1.2 x 10" sec ' (m„= 1500 MeV).

(6)

find its rate to be suppressed by at least an order
of magnitude compared with the e v mode. We
obtain I'(Vz —wwe v)= ( —„to —„}I'(Vz —e v) for
m& = 1500 MeV.

For the hadronic modes, following asymptotic
freedom or light-cone analysis, we expect the
inclusive hadronic versus leptonic (ev or p, v)

branching ratio to be 3: 1 for a sufficiently heavy
gluon (mr& 3 GeV}," the number 3 arising from
the three quark colors. However, for a light
gluon, we expect this ratio to be less than 3 (per-
haps of order unity if m~ -1 to 2 GeV and less
than unity if m~& 1 GeV) owing to limited phase
space, which restricts the number of hadronic
decay modes. Thus we typical. ly expect the fol-
lowing branching ratios for a light gluon:

H,' is an SU(3) scalar. Note that subject to this
assumption, 0,' contributes to odd-pion modes but
not to even-pion modes. For the leptonic e e'
and p. g' modes, we thus obtain

= (f'/4w) '(18 keV)(2 cos2(, 2 sin'$}

(mv =1.5 GeV).

(7)

To avoid an awkward notation we have denoted
the mass of U by mv. Thus for (f'/4w)= 2 to 5,
gluon mass m~ = 1.5 GeV, and cos'$ —sin'$ -

&,

we expect I'(U-e'e )-I'(V -e'e )-(3 to 10)
keV.

The widths of the radiative modes as well as
those of the hadronic modes are harder to estimate
accurately. Using a dimensional mass scale of
1 GeV ( to the appropriate power) for defining
the invariant amplitudes and strength parameters
e, n, and e', for the respective decay mode as
indicated above, we obtain" (for ma = 1.5 GeV)

I'(U- hadrons+y) = 1 to 3 MeV,

I'(U- even number of pions) = (1 to 20) keV,

(8)
t ~l f2

I'(U-odd number of pions)= a +1 (5 to 50) keV,
A

I'(U - w' w ) = (
—„to —,') keV.

If sin(8~+ &(~)=cos(8~+ P~), the rate of Vz~
decay would be similar to that of Vz decay.

B. Decay modes of the neutral members tU, V, Vz+, Vze)

Two of these, Uand V, are primarily mixtures'
of the canonical color-gluon fields U'=-2'(v3 V, + V,)
and V'=-2'(V2 —v 3 V, ) with small admixtures of
flavor-gauge mesons. The canonical U ' field is
a component of the photon field as well (for the
case of integer-charge quarks under considera-
tion). The allowed decay modes' of U and V are
listed below together with the magnitude of the
corresponding decay amplitudes:

(U, V) e'e, p'p, -[2/W3(e'/f)(cosf„sin()]
—wwy, 4wy, 6wy, 2I'y [O(e)]
- ww, 4w, 6ww, KA', 2iww [O(n)]

-3w, 5w, KK
I pw, ww(u [O(n) ~O(e', }].

Here cos( and sin( denote the magnitude of the U'
component in Uand V, respectively, while c,'denotes
the strength of the nonel ec from agn etic SU(3) '-break-
ing term (H,'}in the Hamiltonian. We assume that

Among the odd-pion modes ~em and pm are dom-
inant channels, while among the even-pion modes
4m and gnat are dominant. The partial width of
the odd-pion modes depends on the effective
strength e', of the nonelectromagnetic SII(3)'—
color-symmetry-breaking term. If &', is of the
same order as the strength of the (presumably)
nonelectromagnetic isospin breaking exhibited
by g-3m decay, which is =10n, we would expect"
I'(U- odd number of pions)= —,

' to 5 MeV, whereas
if &', is of order n this partial width could be much
smaller. Also, as will be seen in Sec. III, the
coupling of U to the photon may be greatl. y sup-
pressed, and hence the radiative decay width

may be smaller than the above estimate.
Combining the radiative and the hadronic decay

modes, we obtain (for a light gluon)

1 MeV & I'(U)„,~S(5 to 10 MeV),

—= (1 to 10)x10 ',
I'(U all)

r(U - w'w-)

r(U- ail)

Similar estimates apply to V decays. We have
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I'(U —e'e }=I'(U—p'p. ). Note that U and twould
be produced in e { + annihilation in the proportion
cos E',:sin'(. [If sin'$ =0, only one of the gluons

{i.e., U) would be produced by e e' annihilation
and photoproduction; the V meson may still be
produced in pairs in NN col1.isions and would decay
into hadrons through the none1. ectromagnetic
SU(3)' -breaking term HB.]

The two remaining neutral color gluons (Vo~+

and Vro*) may decay' (for example) by first con-
verting to a virtual U through convergent loop
diagrams which involve V& -8' as well as
V~+-W mixings. Thus Vo~+ and VG~~ would decay
via the same decay channels as U. Their life-
time (calculated on the basis of such loop dia-
grams) is «10 "sec [if (my ~' —m~')«m~']
for m~=1.5 GeV. These two members (Vox+ and
Vor, ) would not be produced by e e' annihilation
or photoproduction. However, they could be pro-
duced in pairs in NN collisions.

C. Constraints from lifetimes and g -2 of the muon

of 10 3' cm'.
The leptonic branching ratio for U, from our

calculations, may be expected to be from 10 '
to 10 '. Hence the data put an upper limit on

the photoproduction cross section of the order
10 "cm2 to 10 3' cm'. The corresponding pro-
duction cross section for p' is 10 "cm'. If the
U photoproduction is not greatl. y suppressed in
comparison with po photoproduction, then
the above limits could already be used to rule
out the existence of light color gt.uons. However,
in general. there is a large degree of uncertainty
in theoretical. predictions of vector-meson photo-
production. There is at Ieast one argument for
a severe suppression in the specific case of U

photoproduction: In the gauge theory' of uncon-
fined color the photon and U are orthogonal linear
combinations of the same two neutral gauge me-
sons W, and U, . Consequently the color piece
of the photon source is proportiona1. to that of
the U source (J5N), except for a (finite) mass
counterterm ~m~' in the U source. Therefore

We see that a very light gluon would l.ead to
relatively long-lived charged gluons. However,
objects with lifetimes 2'10 se{ would probably
have been observed in bubble-chamber searches.
Since none have been seen, we infer

m, & 400 Mev (for f'/4m =1},

m„& 700 MeV (for f'/4w =10).
(10)

An independent constraint on the mass of the gluon
arises from consideration of g-2 for the muon.
If a light neutral col.or gluon U exists, there wi1.1

be an additional contribution to the muon (g —2}
factor arising from the U-exchange" vertex cor-
rection. One finds that 5(g-2) =(e'/f)2(m/mU)'(I/
9x'). The agreement between the theoretical and
experimental. values" of g-2 at the present time
requires that 5(g —2)&6x10 . This in turn im-
plies that

The corresponding matrix element for p photo-
production is &0[8,," ~ p& =(em~'/y~)e„Using.
vector-meson dominance based on dispersing in

the photon-mass variable we then get

g(yN- UN) o(UN- UÃ) 5mU2(fm„'
o(yN pN) -o(pN- pN)

'
m '/yzmz'

via (13)

To proceed further we need to evaluate 6mU'.
This quantity is directly related to the color part
of the photon vacuum-polarization tensor,

4w
mU'~ 2 (GeV)'.

Thus, for example, "with (f'/4m) = 2, m~ & 1 GeV,

HI. PHOTOPRODUCTION

The neutral U can be photoproduced with a sub-
sequent decay into lepton pairs. Many photopro-
duction experiments sensltlve to the existence of
narrow vector-meson resonances decaying into
lepton pairs have been carried out. In the vector-
meson mass range 500-2600 MeV these experi-
ments" set an upper limit for production cross
section times leptonic branching ratio of the order

In the Appendix we estimate w„, (mc'), using a
once-subtracted dispersion relation for v„, . As
shown in Sec. II, values of mU l.ess than 1 GeV
are difficu1. t to reconcile with a variety of other
experimental observations. Limiting ourselves
to 1 GeV &m~& 2 GeV, we find that

m„, (m~') = (1 to 2)(f'/48Lt'). (14)

If we take f'/ w-4. 0c5orresponding to the running

coupling constant for timel. ike s-1 to 2 QeV, we
get

q- „"oo X(l to 4).
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One sees that a suppression of three orders
of magnitude of the U versus p'-photoproduction
cross section (from the factor»i alone) is not out
of the question. Taking q= 10 ' and the l.eptonie
(e e')-branching ratios of U and p' to be (1 to 10)
&&10 ' [see Eq. (8)] and 5X10 ', respectively, we
obtain

v'(y+N- U+X-e e" +X)
v(y+N p +X-e e++X)

Since the strong-interaction cross sections
v(QN) and v(gn) (at high energies) are nearly a
factor of 3 and a factor of 27 lower than v(p'N)
respectively, it is not implausible that v(UN) might
be as much as an order of magnitude lower than
v(p'N). As a plausible estimate, we may thus
infer

U X + X

Therefore the accuracy of photoproduetion ex-
periments needs to be further improved, P&&-
ttcutarfy near the lower energy r-ange (=1 GeV),
before the existence of U can be definitely dis-
proved by means of this process. Because of
this, it seems to us that e+e annihilation, dis-
cussed below, offers a more direct check on the
question of a, light U.

We should note that if there exists a composite
particle with the quantum numbers of the U, call
it U', say, 2 to 3 or above 4 GeV, there is no

analogous suppression mechanism. Indeed, on

compal lson with the photoproduetion of p one
expects

v(U') m, ' ' g„v ' v(U'N-O' N)

v(p} mv. ' g» ~ v(pN- pN)

If the quantity in the square brackets is of order
unity, we will get

v(U' )/v( p }- 10 ' to 10 '.
We expect U' to have, in general. , the foll.oming
set of decay modes:

O' —U+2m (strong)

—V+ + V ~ (strong)

The branching ratio for U' -e'e is expected to
be negligible. If m~ ~ 2mU, its dominant decay
mode would be U' -U+ 2w. The resulting effective

U-production cross section arising via U' decay
mould in this case be in the range of 10 ' to 10 '
relative to p production, if the square bracket
in (18) is of order unity.

If mU & 2mo, the decay O' - V &+ V z mould dom-
inate and our conclusions would remain essentially
unchanged.

Also, if U' exists, there would be a contribution
to direct photoproduction of U, via the process
y- U' (in the dispersion-theoretic sense), fol-
lowed by a diffractive process U'+N- U+¹ In
addition to the mass-denominator damping one
expects that such "off-diagonal" processes mill
be smaller than the diagonal process U'+N- U'

+N, so tha, t our' estimate of the l ange of values
for the lepton signal remains unchanged.

Finally, we mention that the hadronic signals
in the photoproduetion of U would stand out less
clearly than the leptonic signals, because no one
particular final state is dominant in the set shown
in the preceding section. In view of the possible
suppression of photoproduction as a whole, dis-
cussed above, and the greater uncertainties in

the branching ratios of such hadronic modes, we
will not enter into a detailed comparison with
experiment for the hadronic signals.

IV. CONSTRAINTS FROM OTHER PROCESSES

A. e e' ~ U~ leptons and/or hadrons

If U exists it will be formed at E,.„,= mU in
e'e annihilation. The coupling strength of U

to e'e is [(e'/f) —(e'5mv'/fm„')](2/W3}. If our
estimate of 6mo' is correct, the second term is
negligible relative to the first term. In this case,
since the area under the resonance peak in the
e'e total cross section is proportional to the par-
tial width of U-e'e [see Eq. ('7)], the Uwtll
skosU up aE Least as pt'omEnenEly as f (3700) in
any sseeeping sem'eh snitch a good resoLution. But
even if our estimate of DmU' is totally wrong in

magnitude, and even if there is a cancellation
between the two terms in the bracket which makes
the U-e'e coupling much smaller than e'/f, the
suppression mechanism in photoproduction dis-
cussed in Sec. III mill then no longer operate, and
the U should have been seen there, at least in the
hadronic channels. So, in conjunction with photo-
production, the e+e experiment can settle this
question without a,ny ambiguities. Narrow reso-
nances (I =1 to few MeV) in e'e annihilation
should be searched for by sweeping the energy re-
gion 1-3 GeV. While this has been done par-
tially, " there appear to be significant gaps. This
search deserves urgent attention.
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In the spirit of the parton model, the two pairs
of charged gluon partons (V~ and V~~) asymp-
totically contribute' an amount (—,') to R. How-

ever, in the nonasymptotic region (e.g. , for
E, „=5 GeV and mr = 1 to 2 GeV}, this contribution

(Rvv) may be as large as" —,. In the model of
unconfined color, theparton pairs {V+V ) may
in part survive as a pair of real. charged gluons,
while in part they may recombine to form colored
states plus known hadrons. These alternatives
may be symbolized by three different channels:

(~ ~ )partons

(21a)

= single colored state (e.g. , U}
+ mesons (vv, ICE, qq) (21b}

&x(V'V ) =R,v p, (s)o(p, 'g ),

o{2lb)+o(21c)=Rvv[1 —pv(s)]o(p, 'g ).
(22)

Since the leptonic (e v or pv) branching ratio of
light charged gluons =(25 to 35) /p [see Eq. (5)],
we would expect a contribution to a pure leptonic
p'e' signal (without accompanying hadrons) from
pair production of V'V [i.e., e e'- V'+ V- (pv)+ (e v)] given by an effective R parameter:

R(p 8 )vv =R(p 8 )vv

= (
—', to —,')(0.25 to 0.35)'pv(s)

=pv(s)(l to 4)xl0 '. (23)

The true leptonic p, e signal' (allowing for angular
and momentum cuts and threshold kinematic fac-
tor for production of massive pairs) corresponds
to R(p+e ) =R(V. e+)= (2 to 4)%%uo [the upper value
corresponding to the assumption that the p.e
signal originates entirely from parents with
three-body leptonic decays]. The observed lep-
ton momentum spectrum tel. ls us that sources
with three-body (or effective three-body') leptonic
decay contribute at least a significant fraction
[=(50 to 60) /q] of the net observed Ve events,
which leaves a balance of at most =1% for
R(p+e ) =R(g e'), that can be attributed to two-
body-decay sources (e.g. , the charged gluons}.

V'+ V + mesons (vv, EE, rig).
(21c)

The amount of real (V'V ) production (witIEout

accompanying mesons) would depend upon the
square of the electromagnetic form factor of the
charged gluons [pv(s)=[ fvv&(s))']. Thus as-
ymptotically (i.e., setting the threshold kinematic
factor equal to unity)

Such a balance is eompatibl. e with the estimate
for Rvv(p+e ) given by Eq. (23), if the square
of the gluon electromagnetic form factor p„(s)
=—, to 1 at SPEAR energies and is slowly varying.
[As regards three-body-decay sources, it has
been argued' that such sources can be provided
by quarks themselves in a model with unconfined
unstable integer-charge quarks if the quarks have
a mass =1.8 to 2 GeV and if the gluons are lighter
than the quarks —see Ref. 6 for this suggestion
and moredetails for the combined contributions
from quarks and gtuons to I.eptonic signals. Al-
ternatively, three-body-decay sources may be
provided by heavy leptons; however, in this case,
if we accept the leptonic branching ratio of heavy
leptons" to be =0.17 for the e (or y) mode, the
contribution from a gluon pair can at most be
10%%uq of the signature events. ]

The charged-gluon pairs (P'V ) produced via
channel (21a) would contribute to semileptonic
signals [e'e —V' V - (p,'+ v)

+ (e + v, + x'+ v )] through semileptonic decay
of one of the gluons. Using the estimate of
I'( V

~
—vv e v) = (2 ' to 10 'Fo) x I'( V

~
—I ' v), one

may expect a semileptonic p.e signal of nearly
(2 to 10)'%%uq compared with the leptonic pe from
ch3rged-gluon pair production. The present in-
dicated experimental limit (&10%%uo) is compatible
with this estimate.

Pair production of charged gluons (V' V ) in
association with charged mesons [channel (2lc)]
would also contribute to semileptonic signals.
However, the strength of such signals ispropor-
tional. in the first place to [ 1 —pv(s)], where
pv(s) is the square of the gluon form factor, and
in the second place it depends upon the relative
branching between the channels (21b) and (21c),
their sum being determined by [1—pv(s)]. [Note
that channel (21b) would contribute very little
to signature lepton events, since the leptonic
decay branching ratio of U is only (1 to 10)x10 '.
Thus the semileptonic signal expected from chan-
nel (21c) is harder to estimate. All we may say
(given the uncertainties) is that it need not be any
larger than 10'Po compared with the leptonic p. e
signal. ]

The inclusive muon experiment (e e+ - p. +X)
carried out by the Maryland, Pavia, Princeton
collaboration" observes a two-particle signal,
which is not incompatible with that of the SLAC-
LBL collaboration. As stressed by Snow, "this
experiment sets a limit: [ I'(M- n,„~3)/
I'(M- n,„=1)] & 0.33, where M denotes the source
particle for the signature muon. For the charged
gluons V', since the inclusive hadronic branching
ratio for light gluons is =30% and since not al. l.

of the hadronic modes contain 3 or more charged
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particl. es, we estimate

I'(V' - n,„~ 3)
I'(V+ —n, h

= 1) (24)

C. p+p~ V'V +Lh, d ~direct Ieptons+L

The observed direct lepton production" is com-
patible with the possibility that the leptons are
the decay products of V'V produced in hadronic
interactions with a cross section of 10 ' of pion
production. The approximate equality of e to p.

is compatible with the vector nature. According
to the ealcul. ations of I ederman and White, " the
rise for smal. l p„ is better understood if m~ is
relatively low in mass (near 700 MeV). Since
we have seen that this mass range is probably
ruled out for the color gluons, the presently al-
lomed lomer value of m~ -1.1 GeV mould be pre-
ferred over m~ -1.8 GeV from this viewpoint,
provided that the rise at small p~ is more firmly
established. However, we should note that ex-
planations of the direct-lepton data, in terms of
more familiar processes have been suggested by
sever al authors. "

V. CONCLUSION

Although there have been several searches for
nem, relatively narrow vector mesons in the

which is fully compatible with the experimental
limit as stated above. (Note that in the model
of Ref. 6, quark decays contributing to the
charged-lepton signal mould also satisfy the above
limit, since they decay into leptons through the
intermediary of charged giuons. )

To summarize, the data at present on. single
and dilepton production by e e annihilation are
not incompatible with a part of the signal (=30
to 40)% arising from pair production of charged
light colored gluons contributing to signature
leptons. We would therefore urge: (i) a search
for semileptonic ge signals at the (2 to 10)%
level compared with the leptonic pe signal. , as
stressed also in Ref. 6, (ii) a study of the thresh-
old for the p.e events, in particular mhether it
lies much lower than. 3.8 GeV and whether in such
region the lepton momentum spectrum corresponds
to two-body-decay source [such a study would be
especially warranted if three-body-decay sources
necessary for E, & 3.8 GeV are

attributed

to
quarks, ' since in this case gluons (or some colored
vector mesons) must be quite a bit lighter than
1.9 GeVj, and finally of course (iii) a high-sta-
tistics study of the kinematics of the pe events
as well as of inclusive muon production events
in e e+ annihilation.

1-3 GeV range with negative results, their sig-
nificance can be made clear only by comparison
with the nature and the strength of theoretically
expected signals. In this paper we have tried to
supply the latter information within a definite
framework of color-gauge theory, with the con-
clusion that the experimental limits are close to
the expected signal strength, especially in photo-
production experiments, but not yet stringent
enough to settle the question one way or another
for the existence of color gtuons in the (1.1-1.8)-
GeV range. Therefore, a further improvement
in the sensitivity of photoproduction experiments
(y+N-e 8++X) and a fine scan for narrow reso-
nances {I"-1to a few MeV) in e e annihilation
in the 1- to 1.8-GeV region would be most de-
s irable.

The neutral. color gluon U should a, iso be visible
in the mass spectrum of e e' and p. p.

' pairs pro-
duced in hadronic (for example Pp, vN, pP) col-
l.isions, if either the pair production" of U

(through strong interactions) or single production
of U (through color-symmetry-breaking terms)
at high energies has a cross section ~ 10 "cm';
this mouM correspon, d to a leptonic signal =0'x
(branching ratio) ~ 10 "em'. A prion such a
pair-production cross section (-10 " cm') for a rel-
atively light gluon would appear to be reasonable.
It should be noted that although the data of a recent
experiment" on p.'p. production in np collisions
show the po peak in the p.'p, mass spectrum, there
is no clea, r signal. for the Q meson. This is despite
the fact tha, t one is looking at iygcz~sige production
of P (followed by Q-g'g ), which includes final
states not suppressed by the Zweig rule. The
strong-interaction production of U requires either
a U pair or a single U with other colored matter.
If the U-production cross section is comparable
to that for the Q or somewhat lower because of
the higher masses of col.ored matter relative to
strange matter, the U peak mould not necessarily
be more prominent since the leptonic branching
ratio for U is only about 10 times bigger than the
corresponding ratio for Q. But mith better reso-
lution than that of Ref. 25, the U peak might be-
come visible. Thus a good resolution search for
possible narrow peaks in the low-mass region
(1-2 GeV) in e e' and p p' systems produced
by high-energy hadronie col.lisions mould also
be very useful. Table I summarizes the expected
properties of U.

In Table II me summarize the allowed and for-
bidden mass regions for a narrom neutral-color
gluon, according to our analysis. The e'e a,n, -
nihilation data referred to in the last tmo entries
are based on experiments at Fraseati and SI.AC."

A.dded note. At the 18th International High Ener-
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gy Physics Conference, Tbilisi, USSR, 1976, two
new pieces of data were reported which are rele-
vant to our considerations. " On the one hand,
a Frascati group working at DESY has found a
possible new narrow resonance at 1.1 QeV in
photoproduetion, with a width less than the reso-
lution -30 MeV. The detection was by interferenee
with the Bethe-Heitler background in yN-8'e X.
On the other hand, a Novosibirsk group"'8 has
found no evidence for the production of any new

resonance in e'e - n'm X in the region of 0.74
QeV ~ E,. & 1.34 QeV. With the assumption that
the branching ratio into pionic modes is compar-
able to that of the (t) meson, they conclude that
the l.eptonic partial width of such a new meson
is less than 200 eV. Thus the situation remains
unresolved, and further experimental study is
needed.
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TABLE I. Summary of the expected properties of the
neutral vector colored gluon K7 (mass 1.1—1.8 GeV). See
text for details. The estimate of the partial width for
odd-pion modes depends on the strength of the nonelec-
tromagnetic color-symmetry-breaking term.

APPENDIX: CALCULATION OF bmv2

We use a once-subtracted dispersion relation
for the renormalized vacuum-polarization tensor
v, (s'):

(s) "
, 1m'„,(s')

6mc' =mU'v„, (mo').

Imw„, (s) receives contributions from guarks as
wel. l as gluon components in the current. We
estimate below the contribution to 6m~' from the
quark component only. Asymptotically, this con-
tribution is given by

Imv„, (s') =P [Q"'(quark)]'x(f'/12m)

= (2+ s)(f'(I»),
where 2 comes from the color charge of (lP, X, lj. )
quarks whil. e 3 is from the color charge of c
qual ks.

The intermediate states ( m) which would con-
tribute to Imv(s') are (U+ 2v), (U+ 4w), (U+ KR),
(U+q'), (V~ V, )„(qq)„,.„etc. It is possible to
show that unless Ms' is about 2 QeV higher than

m~, there are strong kinematic suppressions for
contributions from (U + 2v) and (U+ 4s) states,
etc. If we note that the color-octet quark-anti-
quark vector-meson composites might be expected
to be about 1 to 2 GeV heavier than the gluon (if
the gluon is light, which is the case under con-
sideration), it appears reasonable to assume (i)
that the effective color threshold s„starting at
which Imv„, (s') begins to receive significant con-
tribution, is about (me+ 1 to 2 GeV)' and (ii) that
this contribution acquires its asymptotic value
(at least for 6', X, X flavors) at s, = (me+ 2 GeV)'.

Decay modes Partial width

2 to 10 keV

2 to 10 keV

1 to3 MeV

-—to 5 MeV
2

1 to 20 keV

TABLE II. Summary of allowed and forbidden mass
regions for a narrow neutral color gluon. (The last en-
try has excluded $ and |)[' from consideration. Although
a1-MeV-wide color gluon would have shown up promi-
nently in the SLAC experiment, one that is 10 MeV wide
would be less prominent and might still be compatible
with the data in the high-mass region. )

1 MeVS I" (U)„„,S 10 MeV

BR (U-e'e )=('1—10)~10 '

Photoproduction

OI'y+ pf~U+X~e e +X)
0'(y+ N po+X e e +X)+ =10 2

I
—' to 5)

& 1.1
1,1—1.8
1.8—3.0

3.0-7.6

Allowed

No
Yes
No

No (P)

Reason

Photoproduction; g-2 of muon

Photoproduction,
e+e annihilation,
p p pl oduct1on ln
hadron collis ions.

e+e annihilation



HOW LIGHT MAY OBSERVABLE COLOR GLUONS BE~

Assuming a bnear rise of fms(s') with a zero
value at s' = s, and the asymptotic value for s' ~ s„
we estimate

where the larger value corresponds to mU near

2 GeV.
The calculation of the asymptotic contribution

from the gluon component of the currents to the
self-energy of the gtuon is more involved; how-
ever, judging from the smallness of the asymp-
totic value of the gluon contribution to the 8 pa-
rameter, it would appear that its inclusion will
not change the above estimate drastically.

*A preliminary version was submitted in June, 1976 to
the 18th International High Energy Physics Conference,
Tbilisi, U.S.S.R.

)Work supported in part by the National Science Founda-
tion under Grant No. GP-43662X.

)Work supported in part by the National Science Founda-
tion under Grant No. GP-41822X.

~M. Y. Han and Y. Nambu, Phys. Rev. 139, B1006 (1965).
2J. C. Pati and Abdus Salam, Phys. Bev. D 8, 1240

(1973); 10, 275 (1974) ~ These two papers propose auni-
fied gauge theory of the weak, electromagnetic, and
strong interactions leading to integer charges for the
quarks. Its physical consequences, it should be
stressed, are quite distinct from those of the Han-
Nambu theory of integer-charge quarks (Bef. 1). The
latter appears to be incompatible with leptoproduction
data if color threshold is not too high (i.e., M„„,& 5

GeV) and if parton-model formulas apply. [See e.g.
C. H. Llewellyn Smith, in Proceedings of the 1975
International Symposium on Lepton and Photon Inter-
actions at High Energies, Stanford, California, edited
by W. T. Kirk (SLAC, Stanford, California, 1976).]
The gauge-theory predictions for the case of integer-
charge quarks (this reference), on the other hand, con-
forrn with the data (see below), even if color threshold
is as low as 1-2 GeV. For this reason, while dis-
cussing low-mass color, we choose to follow strictly
the gauge-theory approach to physical color rather than
a phenomenological theory.

3H. Fritzsch, M. Gell-Mann, and H. Leutwyler, Phys.
Lett. B47, 365 (1973); S. Weinberg, Phys. Rev. Lett.
31, 494 (1973); D. J. Gross and F. Wilczek, Phys.
Bev. D 8, 3633 (1973).

4J. C. Pati and A. Salam, Phys. Rev. Lett. 36, ll (1976);
G. Bajasekaran and P. Boy, Pramana 5, 303 (1975).
See also T. P. Cheng and F. Wilczek, Phys. Lett. 53B,
269 (1974), and M. Furman and G. Komen, Nucl. Phys.
B84, 323 (1975).

5See, for example, D. Politzer, Phys. Rep. 14C, 163
(1974).

6J. C. Pati, Abdus Salam, and S. Sakakibara, Phys. Rev.
Lett. 36, 1229 (1976).

YM. L. Perl et al. , Phys. Rev. Lett. 35, 1489 (1975).
J. C. Pati thanks Dr. Perl for a discussion of our esti-
mate of the true signal.

sW B Franklin, Nucl. Phys. 891, 160 (1975)«, J. C.
Pati, in Proceedings of the North+ estern Un@ ersity
Conference on Gauge Theories and Modern Iield
Theory, edited by R. Arnowitt and P. Nath (M.I.T.
Press, Cambridge, Massachusetts, 1976).

See J. C. Pati and A. Salam, Phys. Bev. Lett. 34, 613

(1975) and Bef. 2 for notations and details.
'DNote that the dispersion-relation-denominator damping

for the radiative modes used in Ref. 9 for the case of
a heavy gluon is not as important for a light gluon,
which is being considered here.

~~Note that a priori, simply from the point of view of the
role of color as a good classification symmetry, one
cannot perhaps exclude even a somewhat bigger (so-
called "medium- strong") color- symmetry breaking;
on the other hand, the theory does not require color-
symrnetry breaking to be any bigger than O(e).

~2We ignore without loss of generality V exchange; the
sum of U and V contributions is constant since sin2(
+cos ( =l.

' J. Bailey et al. , Phys. Lett. 55B, 420 (1975).
'4Since the anomalous magnetic moment is a low-energy

effect, it appears reasonable to use an effective
(f2/4r) &1 for the g-2 calculation.

'5Frorn 600 to 850 MeV see H. Alvensleben et al. , Phys.
Rev. Lett. 25, 1373 (1970); from 900-1100 MeV, see
H. Alvensleben et al. , ibid. 27, 444 (1971); from 1,2
to 2.5 GeV, see G. Theodosiou et al. , ibid. 37, 126
(1976), and also the summary talk by B. Prepost, in
Proceedings of the 19T5 International Symposium on
Lepton and Photon Interaction at High Energies, Stan-
ford, California, edited by W. T. Kirk (SLAC, Stan-
ford, California, 1976), p. 241. Earlier results from
930 to 1770 MeV have been reported by D. B. Earles
et al. , Phys. Rev. Lett. 25, 1312 (1970).
See, e.g. , C. Bacci et al. , Phys. Lett. 44B, 533 (1973);
J.-E. Augustin et al, , ibid. 28B, 508 (1969); 28B, 513
(1969); 28B, 517 (1969); D. Bollini et al. , CERN re-
port, 1975 (unpublished).

'VSee discussion in the second paper of Bef. 8.
Y.-S. Tsai, Phys. Bev. D 4, 2821 (1971).

' M. Cavalli-Sforza et al. , Phys. Rev. Lett. 36, 558
(1976).
G. A. Snow, Phys. Rev. Lett. 36, 766 (1976).

2 F. W. BUsser et al. , Phys. I ett. 33, 112 (1974); J. A.
Appel et al. , Phys. .Bev. Lett. 33, 722 (1974).

22L. M. Lederman and S. White, Phys. Bev. Lett. 35,
1543 (1975).

23G. B. Farrar and S. C. Frautschi, Phys. Bev. Lett. 36,
1017 (1976); I. Hinchliffe and C. H. Llewellyn Smith,
Phys. Lett. 61B, 472 {1976);J. D. Bjorken and
W. Weisberg, Phys. Bev. D 13, 1405 (1976).

24Note that similar remarks apply to the search for
Vo~ and Vz* (which should also be pair-produced in
hadronic collisions), since they decay into various
channels with branching ratios similar to that of U.
They, of course, need not be degenerate with U.



J. C. I'ATI, J. SUCHKR, AND C. H. %00

25See T. O'Halloran, in Proceedin gs of the 1975 Inter-
national SymposcQm on Lepton and Photon Interactions
at High Energies, S tanford, California„edited by
W. T. Kirk (SLAC, Stanford, Califoxnia, 1976), p. 189.

26See C. Bemporad, in Proceedings of the 2975 Inter-
national SymPosium on LePton and Photon I~te~actions
at High Energies, Stanford, California, edited by %'. T.

Kirk (SLAC, Stanford, California, 1976), p. 113;
and R. F. Schwitters, i&id. p. 5.

27See rapporteur report of H. F. Schmitters, in Pro-
ceedings of the 18th International Conference on High
Energy Physics, Tbllisl, U.S.S.P,. (unpublished).

28Qne of us (J.S.) thanks V. A. Siderov for a discussion
of the work of the Novisibirsk group.


