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ABSTRACT
After a brief review of the color hypothesis and the motiva-
tions for its introduction, we discuss the experimental tests. We
assume colored states hawve not been produced at present energies and
we discuss only experimental tests which apply below the color threshold,
when color is a "hidden symmetry." Some of these tests offer the

possibility of distinguishing between quark models with fractional

and integral quark charges.



-1-

I. INTRODUCTION

7 In recent years mostAtheorists cohcerned with the quérk
hypothesis have become increasingly convipced that it is necessary
to endow the quarks with a new property known as color. Color has
had little impact on experimental physics and experimentallists seem

to be more skeptical of the idea than most of their theoretical

. colleagues. This skepticism is natural and well founded for at
"‘least two reasons. The first reason is historical: color is

introduced as a coﬁceptuai "fudge>factor" which seems to save the

quark hypothesis by comblicating i1t. If it turns out that quarks are
the aethér of hadropic physics, then color is the aether drag
hypothesis. The second reason is related to an essential property
of color SU(3): it is a hidden symmetry, hidden either.forever'or
until very hirh {unspecified) energies are attained. This 1imits

the variety of experimental consequences which can test the validity

of the color lLypothesis.

_2;

At the same time it 1ls clear that we must take the colof
hypothesis seriously and pursue the experimenfal and theoretical
consequences as far as we can. Color is not just an artificial
"fudge factor" but provides a very elegant basis for quafk dynamics.
More importantly it seems to be a necessary ingredient of the quark
model, which describes a great range of data from low energy spectro-
scopy to high énergy dynamics. Tests of the color hypothesis are
therefore a'cruéial component.of tﬁe effort to evaluate the vélidity
of the quArk model.

The "hidden" nature of color poses a challenge to theory and
experiment. The experimental challenge is to perform thé small number
of experiments which test the color idea; almost all involve
formidable technical difficulties. The chalienge to theorists is to
enlarge the list of experimental consequences which can clearly test

the color idea.

In this talk I will sketch two versions of the color hypo-

' thesis, briefly review the'motivation for the introduction of color,

and then go through the short list of consequences which can be

tested experimenﬁally. -1 will cqncentraﬁe on the energy domain in

which color is a hidden symmetry}yif color degrees of freedom are
ever actually excited there will be many directly observable

consequences.

II. TWO VERSIONS OF THE COLOR HYPOTHESIS

The two versions of the color hypothesis under discussion
4
each require a set of nine quarks ipR, Py Py, Nps Dgs Dy, AR’ AB’ x;}

where R, B, Y denote the primary colors red, blue, and yellow,
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Theré is a color SU(3) which affects rotations in the R, B, Y space
just as ordinary SU(3) affects rotations in the p, n, A space. In
both versions, the familiar hadrons of "every day life" are assumed to
be singlets of color SU(3). For instance, a pion which in the original

‘model is |n°) = |pn) becomes in the color models

+ - -, -
) = Sl B ) ()
3 , .
"Ordinary hadrons are therefore colorleés "white" blends of the -three
~colors; it is in this sense that color SU(3) is.a‘hiddeﬂ synmetry.
The versions differ in the electromagnetic charges assigned

to the quarks, which are exhibited in the electromagnetic current.

In the version with fractional charges,l’2 it is

Jfractional - ‘;‘ =
e.m. _

(2)
Yg,1) .

The subscript (8,1) denotes the fact that this current is an octet of

ordinary SU(3) and a singlet of color SU(3). So Jgr;ctional cannot

transforx{awhite (color singlet) state into a colored (nonsihglet).
state.

In the second version the quarks have integral charge:3
two are positive, two are negative, and five are neutral. The current
is

integral _ - = _ = _
Te.m. = PgPp * PPy - Aymy < NNy - (3)

-l

With a judicious applicetion of the mathematical theorem

X+y -y = x (4)
this can be written as
tegral _ ' o1
Jtl.‘m. J(syl) J(lle)
(5)
Jfractional -7 :
e.m. : (1,8)
where ‘
~ f2 - 1l _1-
Y1,8) * Z (3%%. 3 %% " 3 an) - (8
q=p:“.vA

If we begin with Jﬁf:?tional = J(8,1) and interchange p « Y,
n <+ B, )<+ R then we obtain the new piece J(l,B)’ which is
therefore a- singlet of ordinary SU(3) and an octet of color SU(3).
Because of this new plece, Ji?;?gral can transform a white
state into a colored state. When the threshhold for the production
of colored statés is reached, then according to parton and light-cone
ideas J(1,8) Should'cauS§ Q(e*gf _{h§drons) to increase by a |
factor of two and.for isbstalarvtargets the e}ectromagnéticvdeep-
inelastic-struc£ure fﬁnctions W, and L should increase by

nearly a factor of two (i.e., by 9/5 if we neglect A quarks ).

Since no such dramatic increase is observed in the deep-inelastic

4

muon scattering experiment at FNAL,” it seems to me unlikely

that J(l,8)

annihilaticn,

+ -
is the agent of any of the present commotion in e e

s
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Consequently in thls talk I will concentrate on the problem
of experimentally investigating color when we are below thc color
threshhold. In this regime, J(1,8) cannot contribute to processes
involving a single electromagnetic current (such as ete” eannihilation

and electroproduction in the lowest order of Q.E.D.) and the two

versions of color are indistinguishsble from one another (though in

certain processes they may be distinguished from models with no
However, there are a few processcs, invoiving
two electromagnetic currents, which offer the possibility of dis-
tinguishing between the two. versions of the color hypothesis even
though we are below the threshholdvfor the production of color.

&hese are ‘among the eiperimental~ processes discussed in Section IV,

III. MOTIVATION

Now I want to review very briefly (and unhistorically) the

principal motivations for the introduction of color. At the same time

1 would 1like to convince you that color is not just an ugly complica-

tion without redeeming features but that it provides an elegant and

. natural possible setting for quark dynamics.

,_. A. The Statistics Problem

Within months of the original quark proposal by Gell-Mhnn

and Zweig, Greenberg observed that the classification of the 8 and

10 of baryons {the 56 of SU(6)) as s-wave bound states of three

- quarks requires the introduction of a new threefold degree of

freedom (which he called parastatistics of order three and which for

_our purpose. is essentially the three color model with fractional

The point is that three quarks in the 56 representation

of SU(&) are symmetric under interchange of spin,’spatial, and

b=
ordinary SU(3) degrees of freedom. This violates the Fermi
statisticsirequired of spin } quarka, For instance, consider the

quark model assignment of the A with I =5 = %:

5=3/2
AS =3/2> = ‘ )P :P'b > where the arrows denote the spin
Z

polarization 8, = %. Greenberg's idee is based on the group thcor-
etical fact that the singlet configuration of three members

of an SU(3) triplet is the totally entisymmetric combination. Thus
if we endow quarks with a color SU(3) degree'cf freedom and require

that A _3/2 be in a singlet of color SU(3), then

oo LA, A
Asz=3/2> W‘pa,pg,py pB,prpR +. p;'\,pg,pg\.

= P&:P@:Pg = P@:ngpg - Pg’pg’py> (7)
and the statistics problem is automatically resolved.

B. The Lifetime of the Neutral Pion

This subsection also begins with a problem: Sutherland
and Veltmen  showed using current algebra and PCAC that in the limit
of zero‘pion mass, _wé + vy 1is forbidden.5 -Taking.the correcticns
to PCAC in the amplitude to be ~O(m °/1 GeV?),this implies that for
the real pion TI(7° + yy) should be ~(m /1 GeV)* ~ 1077 times
smaller than we would naively estimate and than it is aetually -
measured to be. Adler, Bell, and Jackiw6 later showed thst
this argument omitted a contribution ("the anomaly") due to
the basic triangle disgram, and that this contribution allows
™ - Yy to proceed in the. zero pion mass limit. This technical

argument acquired great significance when Adler and Bardeen7 showed
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that in the PCAC limit, the simple trianéle diaéram is the only one
which contributes to any finite order in renormalizable perturbation
theory. Thus within the PCAC approximation (for which there is ncw
considerable evidence from many sources) 7° + Yy Dbecomes a unique
. process, since the rate can be calculated in lowest order perturbation
theory despite the higher order strong interaction corrections which
would ordinarily make nonsense of a lowest order calculation.

When Adler's result is used in the quark model ﬁithout color

.'the result is

o -
o(m "YY)no colop = 0-8L eV . (8)

The experimental average is

Pt > Y )oxperiment = 78+ 0.9V . (9)

Including three colors, the prediction is increased by three in the

ampiitude or nine in the rate, to

r(r° + yy)

color - 1:3€V . ' (10)

Of all the motivations discussed here, this is the only‘one

" which tells us that the number of colors must be three. For instance, 3

the statistics problem could be resqlve& by introqgcing anyvcolor
SU(n) with n > 3. The problems of scaling and the unobservablility
of quarks which are discussed below only require n> 2.

_I want to emphasize’ that it is the absence of strong inter-
action radiative corrections‘established to any finite order in
perturbution theory_which distinguishes this result from the
multitude of other quark and parton model results and which makes it

especially worthy of our attention.

C. Deep-Inelastic Scattering

theories,

This and the following subsection on the unobservabllity of
quarks involve motivations for introducing color which are less

direct than the preceding considerations of the statistics problem-

~and ° - YY. They are, however, important considerations to

theorists trying to understand the quark-parton puzzle and they are
also essential for appreciating why color may be an especially
elegant basis for quark dynemiés. .

The quark~-parton model provides a simple, intuitive
"eyplanation" of the scaling observed in deep-inelastic scattering
of electrons, muons, and neutrinos from nucleon targets. But as an
"explanation"” the model raises questions which are more profound than
the ones it answers: how can the copstituents of hadrons, strongly
interacting entities, behave as if they are.free‘ofAstrong bihding
forces? It turns out that thts duestion has a simple answer in a
class of.field theoretical models, called "asymptotically free"

9 in which the strength of‘the interaction depends on the

relevant scale of distance When the distance scale is big (we

‘con81der that - ~1 fm. is "big") the 1nteraction is strong but for the

" short (i.e}, lightlike) distances which characterize deep inelastic

scattering the interaction beécomes weaker so that the parton model

is apprdximately valid.

| It was first shown10 that theories with a‘cplor symmetry are
asymptoticaily free and, later, that they are the‘oﬁly such theories.
More precisely it was shown that nonabelian gauge theories containing
massless vector meson "gluons" arevthe onLy‘asymptotically free

theories. The nonabelian symmetry of this theory cannot be associated

with ordinary SU(3) which has no long range massless vector mesons

11
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associated with.it.. Thus we must assume a new, hidden symmetry and in

view of the precediﬁg subsections color SU(3) is a natural choice.

In the versién ofAthe color hypothesis with integial quark 2
éharges, the color symmetry is broken'by the term J(l,éj “in the“
electromagnetic gurreht, while with fractionél chargés tﬁe'éymmétry“
is exac£. Presumsbly this means that there éré eleétromagnefic"
corrections to asymptotic freedom in the integral charge médel;
However, these correctiong coﬁld probabiy not beidisentangled from
high order electromagnetic effects which Qill produce scéling
violations regardless of the underlying strong interaction theory.
Therefore I doubt that asymptotic freedom alone provides a mﬁtivation

for preferring the color model with fractional quark charges.

.. D, Unobservability of Quarks

The failure to observe the qﬁark constituents is of couiseb
the central paradox. It is this paradox which suggests the analogy
with the unobserved aether of the last century. Like the sether,
quarks may simply mark the place whefe we have lost the trail.

However, it is also possible that the quark idea is useful and valid

 _even though Singie 300 MeV duarks do not exist.' Two possibilities

- which have been proposed are (1) that free quarks may exist though

with masses much greater than 1 GeV or.(2) thet quafks are permanently
confined within hadrons. The color hypothésis provides a natural
dynamical setting for these speculations. A

The possibility that quarks may be exiremely massive as a
consequerice of color dynamics was suggested by Nambu very soon gfter
the first formulations:of the‘colof hypothesis.12 Nambu speculated
that if thé color interaction is very strong and iz mediated by an

octet of colored gluons (gauge vector mesons) then color nonsinglet
-y

-10-

states and, in particular, quarks would acquire very large maéses,

say >> 1 GeV, és a result of the large self—enérgy in.the cclored
field. Ordinary hadrons, being color singlets, would presumsbly

not acquire iarge masses by this mechanism. This speculation has
been verified in the semiclassical approximstion to a quantum field
theory13 but the effect of quantum'fluctuations has not been explored.

Nambu's speculation is easily illﬁétrated if we imagine an

su(2) wdrld, in which_the quarks are isodoublets of ordinary SU(2)

and color SU(2). We sﬁppose quarks interact pair-wise écco:ding to
a color vector potential and that they have a very large mass

M >> 1 GeV. Then the mass of a composite system of n. quarks is
given by the sum of the quark masses plus the energy of the fair-

wise color interasctions:

n . ‘.
E’=nu+wZ¥i-¥j , ‘ © (1)

vhere W 1is a very large energy to be specified in a moment. Now we

may write
n n n
VoteE e 0 R o) 32
AN S B S Bl A
1lj=l i}J=l i=1
i7]
2
n
Sy o
i
i=1l

- wre1)-3(3 e | (12)
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where T 1is the total color isospin of the composite system.
Substituting (12) into (11) gives

=
"

nm*T(T*lﬂ. (13)

where

M- % v, . _ v : (14)

We choose M and. W to be Qery-mge, M,¥ >> 1 GeV, but

. =M- % W. to be ot‘ the order of a few hundred MeV. 'I’hen t‘or color
}sbs:lngle“cs ('i..e., "ordimry hadrons") E is of the order 1 GeV,
but quarks and other color nonsinglet states are much heavier. The
spectroscopy of the ordinary hadrons is as if quarks had the light
befrective mass m éven though e single quark has the much larger
mass M. Of course this is meant only as a simple illustratiqn of
Nambu's idea. The actual dynamics would .be much more complicated.

When Nambu's speculation is implemented in a semiclassical
field theon-rlB the colored vector gluons are given a very large mass
like the other colored states. For technical reasons this probably
means that Nambu's mechanism is incompatible with asymptotic ‘
-freedom.ll' If we ‘accept this explanation of the absence of free,

. Vlight quarks 5 we must still face the problem of understanding the
_deep 1ne1astic scaling phenomena. '

The dynamics of asymptotic freedom also lends itself very
naturally to a‘'speculation about the unobservability of single
quarks.15 Just as the strength of the interaction decreases at
small distances, it increases at large distances. Formally at least
it seems that the energy required to separate a single. quark from
its perent hadron becomes singular in the large distance limit.

Thus quarks (and also the massless color vector gluons) might be

~12-
permanently confined to the 1rit_ejrior of hadronic bound states.
Schwinger showed severall‘ye_ars ugo that the fermions in Q.E.D. in

one space diﬁensiqn are confined in this sense,16 but 1t 15 not known -

" whether the phenamenon actually occurs in the three dimensional gauge

theories which are of .intere_st here. If this is the way the world

is comstructed, then quark and slﬁon' fields will be useful and |
experimefxtalﬁ ﬁeaningful concepts {e.g., 1n deep inelastic phenomena)
even though quarks and glums do not ex:lst as single particle states.
IV. DXPERDMENTAL TESTS

In this section I will present the short list of experimntal
tests of -the color hypothesis which are known to me. 'All are tests
which apply below the threshold for the production of color nonsinglet
s.tates.. Lbst‘ do not distinguieh between the fractional and integral
charge versiom ofv the color hypothesis. ﬁovever, in subsections D

and E I discuss experimental tests which can distinguish between the

" models with fractional and integral quark charges.

It is important to keep in mind that these predictions depend
not only on the color hypothesis but aJ.ao on certain hypotheses about
quark-hadron d;rna_mics. 'l‘he latter hypotheses are not ideﬁtical for
all the predictions considered. - For instance, the predictions for o
o e’é'--». ?* + hadrons) in Section A and for G(YY* + hadrons) in E
depend on the parton model/light-cone algebfa hypothesis. The o
prediction for o(pp -+ u+u- + «+.) discussed in Section C depends on
an extenéion of partoh model ideas which is. more speculative than the
applicétion of parton ideas in Sections A and I (for instance, this
prediction cannot be obtained from the light-cocne algebra). The

predictions of Section D,which test the Adler anomaly, do not require
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the validity of the parton model at all: they are valid to any fiﬁite

~ order in any renormalizable field theory. However, they do require

extended application of the PCAC hypothesis.

Therefore if one of these predictions is verified, it tends to

_confirm both the color hypothesis and the additional dynamical

assumptions which were introduced. If a prediction fails, the inter-
pretation of the failure will depend on how it has failed and perhaps
also on the outcome of other related tests. :For example, 1f the
scaling law discussed in Section C for o(pp + u+u- + ++.) is not
verified, it will be evidence against the applicatibn of the parton
model to this process but it will not be evidence against tﬁe color
hypothesis. But if the scaling law is verified and the magnitude of

the cross section agrees with the:prediction of the colorless quark

_parton model, then the result should be counted against the validity

of the color hypothesis.

A. Electron-Positron Annihilation

According to the hypothesis of scale invariance at short
distances,l7 the ratio. R(s) = c(e+e_ + Y*-hadrons)b(e+e— >y uy)
should approach a constant, R(s) + R, tor sufficiently large values

of s. 'In the quark-parton model without color, the constant is

" R-= (%)2 + ’\%)2 + (%)2 = % ; in the model with color SU(3), |

it is R = 5.3 = 2. The experimental data18 shows that from

W N

(1K

s 260GV to s % 12GeV R(s) is indeed constant within the
~10% systematic errors: . this evidence for scaling is at least as good
as the first evidence for scaling in deep-inelastic electron scattering,

which covered a similar range in Q2.

~14~

Within this range of s the average value of R 1s 2.45.

Considering the point-to-point systematic errors of =~10% plus the 10%

uncertainty in the overall normalization (which is not included iﬁ

the error estimates usually displayed with the data), the experimental
result is in reasonsble agreement with the prediction of the color

SU(3) hypothesis. Furthermore asymptotic freedom predicts that R(s). .
should approach its asymptotic value slowly (corrections’are likg

-

~1/49n s) and from above;19 the 1/fn s corrections are expected to’

be of the order of ~10% to ~25% in this range of s.20

The emergence of new phenomena for s 2 12 GeV2 prevents

- us from testing the asymptotic freedom prediction of a 1/fn s

approach to the asymptotic value of R. However, the new phenomena
do offer a second possible testing ground for both the color hypothesis
and asymptotic freedom. If we can describe the new hadronic l
spectroscopy in terms of new quarks»and if the contribution of the new
hadrons to the cross section can be disentangled from new nonhadronic
degrees of freedom which may also be present, then we can again chgck
whether the new qugrks come in three colors. And if we are given a
long enough respité before more new_thresholdé in s Hoccur, we will =
aléo'be able to determine whéthéi the approéch to scaling is |
logarithmic. .
Although more conjectural, it is also possible fhat the
dynamics of the new hadrons may provide insight into color and
asymptotic fféédom. According to the charmonium model,21 the large
mass scale of the new hadrons means that their decays are charaéterf
ized by short distances and small effective coupling constants. This
idea impligs a variety of qualitative, semiquantitative and perhaps

(if we are optimistic enough) quantitative tests. For instance, of
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the three predicted p-wave excitations of Y(3.1), the scalar and
tensor would decay into hadrons via two color vector gluons but the
pseudovector state would-have to decay via four vector gluons
(Yang's theorem) and would consequently have a much smaller hadronic

width than its two partners.22

B. Violations of Scaling in Deep-Inelastic Scattering

. Careful measurement of the deep-inelastic lepton-nucleon
structure functions can in principai provide a test of asymptotic
freedom and therefore, indirectly, of the color hypothesis. For Q2
and v large enough so that perturbation theory in the effective
coupling constant is valid, the theory predicts logarithmic viclations
of Bjorken scaling. The most rigorous predictions are for the moments
of the structure functions: for instance, for the proton-neutron

difference in electroproduction the result 1523

1 -A |
> n N
n-2 I=1 2 _ Q
dx x \)W2 (x,Q°) = Cn(ﬂ,n _E) 1+ 0(—2-)
0 u fn Q
-(15)
where
- n. o o »

A o= ad1 - 2 +4Zl‘ S (16)

n n(n + 1) m *

. . m=2 :

-.Here X = Q2/2Mbv is the scaling variable, 'Cn is an undetermined
cohstant,. u2 is a cénstant found expefimentally to be ~0(1 GeV2),
and A 1is a constant which is determined by the color gauge group.
For color SU(3), A = 2/27. Data from SLAC are compatible with the

predicted logarithmic violations and with the value of A predicted

moments can be inverted and solved for the structure functions.

thecries with:aﬁoialous dimens_ions.z4 Enorﬁously'largér valueS'of Q2

-16-

by color SU(3), though the uncertainties are too great and the
kinematical domain tco -restricted to be conclusive.24

The equations for the moments, such as (15), can be inverted
to give a qualitative--and perhaps even a quantitative--picture of how

the structure functions change with increasing Q2. Using positivity

~ and the dimension of the stress tensor it is known that for inter- _ d~

acting fieid»theories A, =0 and Xn+l > Xn.25 This implies that

ina plof of o, versus i; as QZ increases the area under W,

" remains constant while sz becomes more sharply beaked in the small

x region. The most recent data from the FNAL muon experiment4
does show this pattern of scaling violationms.

' . With an additional dynamical assumption the equations for the
26

The structure functions at all Q2 are then predicted from their
values at some initial -Q2 = Q02 (and by their value at one other
(x,QZ) point‘to'determine the parameter uz). The results of such

analyses are again compatible with the SLAC data and with the recent

" FNAL data. However, it has been argued that the data is also consis-

'ﬁent Wifh a phénomehblogiqal treatment bf nonasymptbticallylfree

would be necessary to distinguish between these tﬁo possibiiities.

C. iProduction of Massive Muon Pairs in Hadronic Collisions ' .»

Drell and Yan have argued27 that the parton model may be

applied to the process

LT 4 -
proton + prcton -+ uH u + -
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provided that the variables

o 2 . 2 . 2
s = (pPrOton'l * Poroton o) and Q (Pu+ Pu_)
satisfy the constraint
s » @ > 10 (17)

with Q2/s' finite. In this kinematical region they argue that the
impulse approximation is valid and that the dominant process is the
annihilation of a parton from one proton with an antiparton from the

other proton. In the scaling limit in a parton model without color

" their expression for the inclusive muon pai: cross section is

5 1. A1 - 2
do . 42 dx dx., § b 4 .’—>
@ J; 1J; 2 (xl 2" 8

L

x ) eiz Foy(x)) FZi(xz) (18)
i

1
where e, is the charge of parton i and R in(xj) or

;3 in(xj) are the probabilitieé to fiﬁd'the i'th parton»or anti-~
parton with a fraction xJ of ‘the longitudingl momentum of proton J
(in a reference frame in which the prqtons are moving very rapidly,
with momentum P >> Wl;§.' The FZi(x) may be extracted from electron,
muon, and neutrinc deep-inelastic scattering data.

The first experimental test of (18) is to check the scaling

law: dc/dQ2 sﬁould be proporiional to Qq4 times a function of the

"scaling variable Qz/s. If the scaling law is verified, we may assume

that the parton-éntiparton,annihilation mechanism is dominant and we

-18-

may proceed to study (18) quantitatively. It is at this point that

we'can test the color hypothesis. If the quark-partons come in n
colors, then an additional factor of 1/n aﬁpears on the right side
of (18) to account for the diminished probability that a parton of a
given color in one nucleon will find its antiparton color-mate in the
other nucleon. Beports28 from a recent FNAL neutron scattering |

experiment appear to be consistent with (18). However, the normaliza-

‘tion of the observed cross section is uncértain to a factor of two

or three and 4 &ystematic study of the sealing law has not yet been

performed.

D. Further Tests of the Chiral Anomaly

As discussed in the previous section the low energy theorem
for m° = YY profided one of the principal motivations for the intro-
duction of color and was the only motivation requiring that the color
group be SU(3). This is a considerable theoretical weight to rest
on one experimehtal number. Furtihermore several authors have
suggested that.the PCAC extrapolation from zero pion mass to the
mass shell may account for the missing factor of three in the ampli-
fude and“that there is no need to infroduce color tq»explain‘the-.

29

decay rate. It is thereforeimpbrtantto find other tests of the

physics which underlies the low energy theorem and of the strong PCAC

assumption that the corrections due to the mass shell extrapolation
are small.

Fortunately there is a large family of related anomalies,jo
corresponding to triangles, boxes and pentagons,which gives rise to

low energy theorems which are also free of strong interaction

radiative corrections. For inctance, the part of the K£4 ‘decay
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amplitude (K + mmv) which proceeds through the weak vector current
is controlled by such a low energy theorem. A comparison with experi-
ment indicates agreement with the anomaly, strong PCAC (which here
includes an extrapolation to zero K mass), and color SU(3), though

31 I have recently considered the

the uncertainties are quite large.
low.énérgy tﬁeorems for n +yy and .nv* Ty and find>? tﬁat the
experiméntal results are again consistent with jhe anomaly, strong
PCAC and colér SU(3) provided that the n has a small, negative -
sinélet—octét mixing angle as in the quadratic mass'formula; These
results are of additional Interest because‘they may enable us to
distinguish between the two versions of the color hypothesis even
though we are below the threshold for the production'of color.
Consider first the reason thet =° - Yy does not disjinguish
the two kinds of color. In the quel with fractional charges, the
amplitude is <"o|(J8,1))2|0> where |0) denotes the vacuum and
J(8,1) was defined in Section II. With integral charges, the ampli-~
tude is <ﬂo'(q(8,l) - J(1,8))2'0> and the difference between the

two models is given by <ﬂ°‘- J - J(l 8)J<8 1) " ( )2‘d>
A ’ ! 1,8

Now 7° is a member of (8,1) (the 8 of ordinary SU(3) and the 1 of

(8,1)°(1,8)

éolor su(3)) but (8,1) x (1,8) = (8,8)‘ has no projection into the
'1 of color SU(3) and (i,8) x(1,8) = (1,1) + (1,8) + --. has no
projection into the 8 ofrordinary SU(3). Therefore the difference
term vanishes and the amplitude is the.same in both models.
However, now suppose that we consider the Yy decay of an
SU(3) singlet pseﬁdoécalar meson. Then, as was first obsefved by

Okubo,33 the amplitude in the integral charge model would be

- 20..

(Dlt3g,1) = 33,07 10) 3,17 + (31,6970

2 (054,070
' (19)

which is exactly twice the amplitude obtained in the fractional charge
model. (Thls is because (8 1) x (8 1) and (1,8) x (1,8) have
equal projections into (1, 1))

" Even for small mixing angles (e.g., © = -=11°), the
analy51932 of n—+vyy and n + wny indicates that the singlet
écmponent'of n 1is responsible for about half of the observed rate.
That‘is,'for'a pure octet we have I‘(n8 + YY) = 160 eV but with a
mixing angle of o ='-11° the resﬁlt is hearly 300 eV. The most
recent experimental value34 is 324 ¢ 46 eV,

Since the singlet component makes a substantial contribution
to 'nv+ YY, We may hope to use the n‘ decays to distinguish between
the two versions of éolor. In the analysis it is crucial to consider

simultaneously the low energy'theorems for n+yy and n -+ my in

order to resolve the uncertainties due to our ignorance of the SU(3)

singlet PCAC constant - (the analogue of F = 95 MeV) and the mixing

32

angle. The results of this analysis are compatible with strong PCAC

“and coclor SU(3). The fractional charge version of the color hypo-

thesls is preferred, though the differenﬁes between the predictions
of the two color models are too small and the uncertainties are too
great fbr this to be decisive.

In order to clearly distinguish between the two color
models, 1t is necessary to conside£ a furiher step into the under-

tainties of large mass PCAC extrapolations and to consider the low
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experimental values reported
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energy theorems for n' +yy and n' + my. Since the n' is
taken to be dominantly in an SU(3) singlet, it is most sensitive to
the differences between the two color models. Making use of the
constraints obtained in the study of n - Yy anﬁ n -+ 7wy, we find
that for any value of the mixing angle in the interval O < -8 < 17°,

the ratio of n' decays is

+ - _’
71 > K T L > 2.7%0.5

for fractional charges and

+ -
' »17y)

for ihtegral charges, The experimental sifuation is coﬁfused with
3% petween 9.1 % 2.2 and 17 ¢ 3 (the
confusion is due to disagreement on the branching ratio for
n' > wwy). The fractional charge model is much nearer the range of
experimental values and is compatible with the lowest reported value.
It is.necessary to emphasize the uncertainties in this
analysis: n' pole dominanée may or.ﬁay-nqt be valid in these ampli-
tudes and PCAC for the SU(3) singlei axial current involves theoretical
36

problems” which are not understood. Since theoretical ignorance

in these areas is nearly perfect, my attitude is by necessity purely

phenomenological. To go farther we need experimental measurements

‘of the rates I(n' -~ YY) and T(n' -+ ﬂ+ﬂfy),.tosee if these rates

and their ratioc are compatible with the low energy theorems . These

rates and the total width of the n' are presently not known.

22~

The present bounds are
basédmﬁiiﬁéfily on strong interaction bubble chamber experiments.
Primaks}grgﬂotoproduction at FNAL and SPS energies and production by
the two photon process in ei storage rings are also alternatives
ﬁhich should be considered.

There are also low energy theorems for the ymmw 'andb

YYﬂww‘ ampl:’L't;udes”"38

_ color SU(3), though like 1° » yy they do not distinguish between

the two color models. These amplitudes could be studied in e+e'
colliding beams. In order to minimize the extrapolation té the low
enérgy point (whérexall momentum inyariants vanish,’ pi-pj = Q) it
is important to make the measurement as neér the threshold, s = 9mTr
as possible, If for instance a measurement could be made at
8 = 16m"2, then the extrapolatioh to s = 0 would be comparable to
the extrapolations required in the K and n decays discusséd
above. » |

The YM™T amplitude can probably be studied more favorably
by using a pion beam to produce a dipion in the Coulomb field of
é'heavy nucleus, that is, the Primakoff'eff’ect.39 This has é clear
advantage over e+e— + Yy + 1 since in the Primakoff process the
photon mass is very nearly zero.. To minimize the other momentum
invariants and the effect of the rho meson tail, the measurement
should be performed as close to the‘dipion threshcld, LI 4mﬂ2,
és possible. In order to achieve é small photcn mzss and a pro-
nounced Primakcff peak, the experiment wculd bect be performed at

FNAL or SPS energies. An alternative method whick nas been studied

2

which test the theory of chiral anomalies and .

b4
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recently40 is plon-electron scattering, again at very high energles.
This method has the advantage that it lacks a strong interaction
beckground;

The low energy theorem for the two photon decay of the
scalar resonance, € —> yy,' also provides a test of the. color hypo-

thesis.41

With the usual assignment of the e to an SU(3) singlet,
this decay is also sensitive to the difference between: fractional

and integral charge color models. The reSult is

| (e +yy) = 0.2 B keV o (20)
where R = 2 for the color model with fractional charges and R = 4
with integral charges. This low energy theorem is not free of -
radiative corrections in perturbation theory. Rather its validity
depends on the same assumptions about short distance behavior which
. are implicit in the parton model and the light cone algebra. The '
. measurement of &€ + yy could be performed u81ng the two photon -

+ .
process in e~ storage rings or perhaps by Primakoff photoproduction.

Prellminaryhindicatlons based on a very few events

‘are con81stent with the rate predicted by the low energy theorem with

color, though the uncertainties are too great to distingnish color
models.42 Furthermore, . equation (20) is based on a narrow-width.
pole dominance extrapolation from the low energy point; for quantita-
tive comparisons it is important to do a more careful treatment of

the extrapolatiocn which takes account of the 1arge width of the €.
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E. Deep Inelastic Scattering From a Photon Target

Electron-positron storago rings can be used to study photon-
photon scattering by selecting events in which the electron and positron |
do not,annihilate.431 This cross section is smaller than the annihila-
tion cross section by a factor a2 but when the photons are near the.

mass shell the cross section is enhanced by a factor ~(%n E/m )2

1

This together with the strong forward peaking of the Yy events means

-

‘that it should be posaible to measure ofyy + hadrons), probably in T
the next generation of storage ring experiments.
In the parton model (or, equivalently, using the light cone
algebra) the croes'section for two highly virtual photoms to scatter
into hadrons is given‘by the easily computed diagram for the two
photons to annihilate and create a quark-antiquark pair.44 This
cross section contains a factor 2: ei4 where the e, are the
- i
quark charges, allowing us in principle to distinguish between the
following possibilities:
( 4 4
2 (1) (‘1*" 2
< + = + = = =
(3) ‘3 3) 5 No Color .
"2 Col Fractional C :
5 or-Fractional uharges -
ol e |
n i %; C Color-Integral “harges . [y
(below color trireshold)
36 Color-Integral Charges
T ©

-(above color threshold)

e
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For the same group theoretical reasons discussed in connection with
the n and n' decsys in Section D, the scattering of two highly
virtual photons allows us. to distinguish: between the two versions
of the color'hypot,hesis: at energles below the color t_,hreshold;

Unfortunately this is of purely theoretical interest, since when both

' ~photons are very virtual the enhancement factors’ f!.n( E/m, )]2 are

replaced by suppfession factors due to the photon propagators and the
cross section is far too small to observe. ‘

However, R. P. Worden has shown in a beautiful ana],ys:.s45
that it may be possible to measure ; ei4 in processes in which

only one photon is virtusl while the second is near its mass _shé_ll.

Yorden. obtains this result by using analyticity together with the

light-cone parton model results of Ref. 41.

- The transverse structure function, Wp, is controlled by the

. scattering of the virtual photon from the hadronic (vector dominated)

components of the on-mass-shell photon; therefore W,_. is not sensitive

T
to the ‘presence of color. But the longitudinal structure function W,

tend to be polarized) are dominated by parton,—antiparton creation and

are therefore proportional tb z ey

" be separated experimentally by characteristic dependences on the

photon polarizations, and in the case of \_’13, by a characteristic

angular dependence.

" Since only one photon is-virtusl, the possibility of observing
‘this process is greatly improved. It would be interesting to explore

the feasibility of measuring this process either at present high energy

storage rings or in the next generati_on of storage rings with beam

energies of " ~15 GeV.

L
and a second structure function W3 (which sppears because the photons

" The structure f‘unctions may

-26-.
V. CONCLUDING REMARKS

Though it has not been established that color is an absolutely
necessary element of the quark model, it is & very natural element.
If the color hypothesis 1s shown to be inconsistent with experiment,
it will reflect on the validity of the quark model itself unless
alternative explanations of the problems discussed in Section III can
be obtained. Present experimental knowledge is consistent with the
color hypothesis but more experimeniﬁal information shédld be forth-
coming as discussed in Section IV. Some of the experiments discussed
in Section IV--e.g., those involving storage rings or deep-inelastic
scattering--will soon be performed since they are part of large on-
going expetimental programs. Other experiments » equally worthy of
study, have not yet, to my knowledge, been: pla;:ed on an. experimental
program. In this category I have in mind especially the Primakoff
exper:lments' discussed in Seetion IV whic_h t;est the physics underlying

the low energy theorem for 7° -+ yy.
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