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We consider the process e Yfe ~—y + h + X, where h is a hadron and ¥y is a hard photon, and show how it can
be used to test the quark-parton model. Detailed formulas are given for the cross sections, which in the quark-
parton model are products of cross sections for e “e ~—yufi and quark breakup functions. We focus on the

asymmetry between h and h production, and display sum rules and ratio tests which measure the quark
charge, the quark Compton amplitude, and the large-x behavior of the quark breakup function. The
asymmetry is calculated for the muon case, and is about 100% for the forward direction.

I. INTRODUCTION AND DISCUSSION

In this paper, we explore the predictions of the
quark model for the order a® processes e*e™~y
+hk +X (where y is a hard photon, % is a hadron,
and X is anything), particularly for the asymme-
try of 2 versus % production. Measurements of
this asymmetry, which is proportional to the cube
of the quark charge, will test the spin structure
of the quark current and the scaling behavior of
the breakup of the quark into hadrons.

Our calculations rely on the following two as-
sumptions commonly used in the parton model’:

(i) The electromagnetic current of hadrons is
carried by quark currents; in effect, the quarks
are elementary spin-; fermions which are pro-
duced by virtual photons in the same manner as
electrons or muons.

(ii) The quarks decay into hadrons. The hadrons
have limited momentum transverse to the direc-
tion of the quark momentum, so there should be
jets of hadrons in the quark direction, and the de-
cay amplitude “scales” (unless the momentum of
the hadron is very small) in that it is a function of
the hadron longitudinal momentum only through its
ratio to the quark momentum.

The breakup of the quark is described by the
distribution D(x) which is the probability dN(x)/
dx for the production of a hadron % with a fraction
x of the quark momentum in its infinite-momentum
frame. [The distribution D!(x) is identical to
Gpje®) in Ref. 2.] In a general frame x is the
light-cone variable

=Eh+rf)hl
E,+Ihl @

One of the most striking confirmations of the
predictions of the quark-parton model is the ob-
servation of leading (i.e., high-momentum) pions
ine*e” -7 +X with the angular distributions ex-
pected from the production and decay of element-
ary spin-3 fermions.® The results are particularly
clear in this case because of the polarization of
the e* and e~ beams at SPEAR. Fore'‘e =k +X
the quark -parton model prediction, in the c.m., is

do - do " do " :l
af,dx Z {dn“ D"(x)+d9; Dix)| , (2)

where x =2p,-q/q%, and

2 2
%—— =%2— Z_s (1 +cos?6 +P2%sin®0 cos2¢) (3)
qa

is the cross section for e’e”~ up, withe,
and p, -P, which is parallel to P,. Similarly do/
dQy is the pp cross section with Py =P parallel
to P,. P is the polarization of either beam, and
the sum includes all quarks whose production
threshold has been passed.

Returning to the present work, we consider the
process e*e”—vy +h +X (see Fig. 1). As already
stated, we focus on the asymmetry for %z versus
% production. Equivalently, using C invariance,
this is also the asymmetry of 2 with respect to
the e* versus e~ direction, and it can be related
by crossing to the difference between e* and e~
deep-inelastic bremsstrahlung.* Our motivation
is to test the spin structure of the quark current,
the behavior of the virtual Compton amplitude on
a quark line, and the scaling laws for its breakup
in a new domain. In the remainder of this section
we will outline the main predictions for e*e ™ -y
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14 CHARGE ASYMMETRY IN e*e”

FIG. 1. The diagrams which contribute to radiative
ete” annihilation, ete"—y+h +X.

+k +X using intuitive arguments based on the
quark-jet picture. The formal aspects, which are

similar to those of Ref. 4, are discussed in Sec. II.

For e*e™ -y +h +X the simplest parton-model
prediction is

do do "
—_— = —_—D
(@k/k)dQdx Eq: l:(dsk/ko)dﬂq at)

do A

where Kk is the photon’s momentum and kod_o/
d*kdQ, is the cross section for e*e™ - yuu with
e, ~e, and P, =P, which is parallel to B,. The
cross section is given in detail in Sec. II and Ap-
pendix A. Note that for the muon case |p,| is

doe*e™ -~ yhX) do(ete™ - 'y;lX)
@r/k )dQ,,dx (@k/k)d Sy dx

AE

e’ 5 d

and using C invariance, D! =D&, etc. As will be
seen, the asymmetry in the muon cross section
is very large—nearly 100%—at cosf =+ 1. The
ratio of the asymmetry in the hadron cross sec-
tion to that in the muon cross section is

®)(x) = An
BY0)= o /TRan, - hude /TR0

=3 o [Dh) - D2 (). (6)

This can be compared with the ratio of the order

- v+ HADRONS:

(@*k/ kA
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kinematically determined by K and the angles of }5“;
when we go to the hadronic case and assume lim-
ited transverse momentum of the hadron relative
to its parent quark, the only additional kinematic
variable is x =2p,+q/q%. At fixed ratios of invari-
ants, kys’do/d’k/dQ, isindependentof s for s >>m,,2,
Hereg%=(§ - k)?=s -Zq . k.

The above scaling prediction [Eq. (4)] depends on
being able to replace the diagrams in Figs. 1(a)
and 1(b) by those in Figs. 2(a) and 2(b). This re-
quires that the mass of the virtual photons be
large. Also, Fig. 2(c) represents diagrams in
which the photon is emitted from other quark lines
or from hadron decay. However, these diagrams
are suppressed by the hadronic vertex if the real
photon has large transverse momentum relative
to the quark jet. Hence, we can expect the scaling
prediction to be valid when the photon is detected
at large momentum relative to the hadron momen-
tum.

The hadron asymmetry should be separate from
the background e*e ™ -y +4 +X events in which the
v arises from hadron decay if 7° decays can be
excluded with high efficiency. The asymmetry of
the background from radiative corrections or weak
interactions (atv's <8 GeV) should be less than
0(1%) and is directly measurable in do(e*e™ - hX)
—-do(e*e~~hX). Furthermore, for fixed ratios of
invariants, the background is not scale~invariant
and is predicted by the dimensional-counting
rules® to vanish by two powers of p] faster than the
scaling contribution. Thus, again we require the
photon to be detected at large transverse momen-
tum relative to the jet axis.

We can directly relate the hadron asymmetry to
the corresponding (- asymmetry at the same
angle. The cross-section difference is

(D7 () —Df—(x)]} , (5)

-
a? hadron and muon cross sections,

@) = (do/dQdx)(e*e™ —~hX)
(do/dQu)_(e*e )

= —’— [DX(x) +DE(x)]. (7

For definiteness we take the muon charge e,=e>0.
The critical prediction of the quark models is
that both RP(x) and R®(x) are independent of s and
the angles at which the hadron emerges. Further,
the predicted form of the virtual Compton ampli-
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FIG. 2. The diagrams of Fig. 1 drawn in terms of the
quark representation of the current. Figure 2(c) is ex-
pected to give small contributions if the component of k
transverse to the quark (jet) direction is large.

tude on a quark (which assumed that quarks are
elementary and require no form factors) is con-
firmed if R§,3)(x) is independent of the photon kine-
matics in the scaling region. Several more spec-
ific predictions follow.

Valence-quark predictions. For x~ 1 one may
believe that a given quark can decay into a given
hadron only if that quark is one of the valence
quarks of the hadron.? Then, for example, for
m*~ud, K*~us, p~uud, we have

RO _1epy egpy’ 3 R ®
R,  eeD]” +e,°D} 5 R®
and

R(s) = 1. euBth+613de - 5 (9)
RP e e,’Df+e, D! T

where we assume that DX* =DF" and D2(x) =2D2 (x).
However, if vW8/vW{P~1/4 (see Ref. 6) as x~1,
then one expects that Df/Df—~ 0 (see Ref. 7) and
RY/RP=%. The results are a direct test of frac-
tional quark charge. It is also possible that, be-
cause of mass splittings, the s quark dominates the
K* wave function, giving R§:/R@ =es/e, =3.
Predictions for the R®/R® ratio when the electro-

magnetic current contains a color-octet contribu-
tion are given in Appendix B.

Quantum -number sum rules. We can define the
effective multiplicity of hadron % from fragmenta-
tion of quarkq as

1
b fo dx D"x). (10)
Then

1 . e 2
fo RP(x)dx =Z -;“2— 0} +nb)
q

e 2
=l +np) 25 7 (11)
q
where
. 1 rt do -
Ny +n;=;f0 dx-d—;c(e“e - hX)

is the hadron multiplicity in e*e ™ annihilation. The
integral of the hadron asymmetry is

1 3 —
[ ax BP0 =3 Sk ). (12)
0 q

Note that Eq. (12) is convergent because of the
absence of the Pomeron contribution.

The simplest expression of quantum-number
conservation is

Z)\,,(nf,‘—nf)=z_ Mmp =X, (13)
7 hoh

where A is any additively conserved quantity (A
=Q,B,Y,I,,...). Equation (13) would be valid if
the quark were an ordinary decaying state. If the
quarks are confined, Eq. (13) is only an ansatz,
and expresses Feynman’s hypothesis® that the
quantum numbers of the quark are retained in the
fragmentation region of the jet. The ansatz could
be false if the quantum numbers are deposited at
finite rapidity—thus giving a nonscaling contribu-
tion at x - 0; cascade models of this sort are dis-
cussed in Ref. 9. Nevertheless, Eq. (13) remains
an attractive possibility. It could also be testable
in neutrino interactions vp -~ u"X where a u-quark
jet should dominate.

We may now write a sum rule for the hadron
asymmetry,

;A,,fldxl%§,3)(x)=2h & . (14)

aes

Specifically, for A, =e,/e, the total charge asym-
metry ratio is

; ieh_ fol dx RY(x)

n

4
e
- €

{3 (¢=u,d,s)
% @-udse
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where we have included a factor of 3 for color.
The values given above may be changed if the electro-
magnetic current contains pieces whichare not color
singlets, as in the Han-Nambu model. This is dis-
cussed in Appendix B. The above sum rule is
particularly convenient in that it does not require
identification of the particle, but only of the sign
of the charge. If there are leptonic decays, the
decay u and e contributions to the charge asym-
metry must also be included. Thus, the sum la-
beled %z above should be a sum over all the long-
lived charged particle states.

The convergence of the sum rule at small x is
guaranteed by the absence of the Pomeron contri-
bution. However, D!(x) —D%x) could well have a
Reggeon contribution x~% at small x where a is of
order of 0.5. Thus small-x data are required to
evaluate the sum rule.

Heavy leptons. All of the above considerations
also hold for the asymmetries due to the produc-
tion and decay of an elementary Dirac heavy lep-
ton L (see Ref. 10) ine*e”—~yLL. In particular,
the charge asymmetry is scale-invariant and if ¢,
=e it satisfies the sum rule

1
2% [axrm-1, (16)
0

ner €

where the sum includes the hadrons and leptons
I,e in the decay of L. The sum of Egs. (15) and
(16) should be used if the heavy-lepton- and quark-
generated events are not separated.

II. CALCULATIONS

The Feynman diagrams relevant to e*e™ =y +2
+X are given in Fig. 1. Figure 1(a) will be refer-
red to as a Bethe-Heitler process and Fig. 1(b)
will be referred to as a Compton process. The
momentum labels are given on the figure. The
matrix elements for the diagrams are’!

N, (k) =ie35(p'><y"7},7 Y i,—f—&-y")u(p)%
x [ atye=s (h, x18,0010

={e3M}(h) 17)

and

oM, () = —e%(p')y*u(p);—ﬁ

x [ d*xdz e (h, K| 778, (29, ()]0

= —e39MY(R). (18)

Using the charge-conjugation operator, |%) =c|h),
it follows that

ma(lz) = _Jna(h)
and (19)
mb(ﬁ) =My (k),

where the states X are charge-conjugated also.
The difference in cross section between the pro-
cesses involving 2 and / thus depends on the inter-
ference between diagrams 1(a) and 1(b).

The cross section for % is given by

_e® d%kd°P 2 a2
4o () =55 Gy p, 2 | Ml +19]
- 2ImIN,* M), (20)

where s =(p +p’)?=¢? and the lepton masses have
been neglected. The cross-section difference is
proportional to the last term above, and can be
written as

a®  d’kd’P
2m3s%® R P,

do (k) —do (h) = L*" IV,

(21)

where the lepton trace is
1 1
LF™ =t tr gy <”—— Bk "> 22
1 i’/}’ﬁ')/p/_]éy Yﬁ_q/')’ (22)

and the hadron currents give

Van =2 [ diwatye 0l g,(»)in, X)
X, X| T4, (0)3, ()]0 (23)

and the sum over X now includes a (27)*0*(k +q
-P-X).

The expressions given above are exact to the
stated order of a, neglecting the lepton masses.
The expression for V,,, simplifies if we replace
the physical hadrons in the closure sum by bare
constituents (partons). We further assume that the
charged constituents carry spin 3 and that their
charge is not necessarily an integral fraction of
e (i.e., they are quarks). The observed hadron
itself is a decay product of a quark.

We shall work in the kinematic region where g?
and §2 are large and where each of the three pho-
tons has a large transverse momentum relative to
the direction of the observed hadron. The dom-
inant contribution to V,, under these circum-
stances is given by Fig. 3. We assume, as stated
earlier, that the decays of quarks into physical
hadrons follow the same pattern as the fragmenta-
tion of hadrons into quarks: The decay products
have limited transverse momentum with respect
to the initial momentum of the parent quark, pro-
vided that the momentum is large. The dominant con-
tribution in our kinematic region must have all
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Py~ Q ,J\‘“Q

Pq

A

P=xpq

FIG. 3. The diagram for the leading contribution to
Viyx. The diagram with £ and § connecting in the oppos-
ite order should also be included.

three photons interact with the same quark line.

If some particular quark line had only one photon
attached to it, it must then have a large transverse
momentum in either the initial or final state and
thus its contribution would be suppressed.

We might comment that the kinematic require-
ments are easy to satisfy at high energy if we do
not place all the particles in the same plane. Con-
sider the plane formed by the beam and the ob-
served photon. All the photons must lie in this
plane. The requirement on the transverse mo-
mentum of the photons is then satisfied simply if
the observed hadron has a reasonable momentum
out of this plane.

Using the function D;'(x) to describe the breakup
of the quark we obtain

V=% S [ EE DY) - DE N 7)1 5y

where x is the light-cone variable defined in (1).
The appropriate discontinuity is also indicated in
Fig. 3 and gives

s e,
mVyu =77 25 55 [D{6) - DEIM, 0, (25)
q
where we have obtained the relation
2P-q

27 (26)

x =

and

My =trsiin (e =) (5

1
+y F I h)- (27)

The last expression is given in terms of the quark
momentum p,, which can be obtained from ob-
servable quantities by recalling the definition of x
(in the scaling limit where masses can be ignored),

1
==P 28
b= P, (28)
Note that g%=(g +k)®=s is the square of the beam
energy.
Inserting this result into Eq. (21) gives the
formula for the cross-section asymmetry as

— _ d’kd*P 3
do () -do () == 5= 5
0

3

x‘\; S5 (D) ~ DB ()] | Tyl

(29)
with

1 1
iy Yu T Y] 7)\>i‘ —d +ie Yy“(Pq); (24)
[TEDN
| Tl = B0 (30)

The complete formula for |7T,|* is given in Ap-
pendix A, along with the corresponding formulas
for the Bethe-Heitler and Compton cross sections,
which do not contribute to the asymmetry.

The calculation for the asymmetry ine*e™ - yuu
will be precisely the same if we substitute Py =bq-
The sum over quarks is replaced by a single term
for the muons and since the muon suffers no
breakup the functions D’(x) are replaced by

Dﬁ:(x)r—é(l—x). ‘ (31)
We let d°P/P, become E,*xdxdQ, so that

a’k a®
- + = — ———
do (1) —do (u') aQ, s

k Euleint l2 ’ (32)
0

and Eq. (6) for the ratio of hadronic to muonic
asymmetry follows immediately.

Appendix A also gives complete formulas for the
Bethe-Heitler and Compton contributions to the
cross section. It is clearly of interest to know
what fraction of the cross section is due to the
asymmetry, and so for the leptons we have cal-
culated the ratio

_do(k’) —do (k)

do (') +da (L") (83)

This is plotted in Fig. 4 for values of the variables
typical for SPEAR; it is seen that the asymmetry
is close to 100% for a large range of angles near
the forward directions.

The order of magnitude of the cross section for
e*e” - L' U~y can be estimated from the usual
soft-photon formulas (E, < Vs),
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FIG. 4. The p*-p~ asymmetry in ete™ —yutu~ [Eq.
(33)]. We have fixed Vs =8 GeV, |k| =1 GeV, and the
photon direction perpendicular to the beams. The muon
angles are measured relative to the incoming e~ direction
and the e”-v plane. In Fig. 4(a), the e™-u plane is per-
pendicular to the e”-vy plane (¢ =90°); in Fig. 4(b), ¢ =0°.

do(u*) _ _do(u7)
dQdE,/E, ~ dQdE,/E,

1 -cosf

49 ey ey B
- (e”e *uu)ﬂln1+cose’

a

where the angle 6 > (m“/E“)’/2 is measured rela-
tive to the positron direction. Thus the signal is
of order 1% and the p~ is favored to emerge along
the positron-beam direction. We shall give two
examples of the actual cross section for a typical
configuration at /s =8 GeV, where the photon
emerges at 90° to the beam axis with E, =1 GeV
@%=48 GeV?. For the largé-asymmetry con-
figuration with u* along the e~ direction (6, -0,
E, =3.43 GeV),

do(p*)=2.1X107% cm? 9Ey ae,dQ, ,
E,
i.e.,

Eydo (L*)/dEydQydQ,
do(e’e™ = p*p7)/dQ,

=0.013
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and do (17) is negligible. For the zero-asymmetry
configuration 6, =90°, ¢, =90° (i.e., beam, photon,
and muon mutually perpendicular, E, =3.43 GeV)

E
do(*)=0.54X107% cmziE—y7 aQ,de,

i.e.,

Eydo (1*)/dEydQyd @y

=0.00617.
do(e*e™— p p7)/dy

III. CONCLUSION

As we have shown in this paper, the hadron as-
ymmetry in radiative e e~ annihilation, e*e~
-~ yhX, can provide a sensitive test of the parton
model and the electromagnetic interactions of the
quark current. If the photon is not detected, the
hadron asymmetry in e*e "= %X (from two-photon
annihilation and radiative corrections) is small!® 3
[of order 8(a/7) In(tan6/2)]. Also at SPEAR ener-
gies (Vs <8 GeV) weak-electromagnetic inter-
ference effects yield a small asymmetry (~1%).*3
However, once the hard photon is detected the
electromagnetic asymmetry becomes maximal
[~O(cosb)].

In the scaling regime (large s with ratios of in-
variants fixed) the asymmetry is only due to the
interference of the Compton and Bethe-Heitler
diagrams and directly measures Compton scat-
tering on a quark line. As discussed in Ref. 4, the
existence of an elementary Compton current im-
plies the existence of a fixed pole at a(t) =j =0 in
the elastic Compton amplitude yZ— yk. The asym-
metry thus provides a test of scaling and quark
spin structure in a new timelike domain, deter-
mines the non-Pomeron part of the quark frag-
mentation distributions, and is sensitive to the
cube of the quark charge. As we have shown, the
parton-model formulas are particularly simple if
the ratio R{(x) of hadron asymmetry in e*e”

-~ yhX to muon asymmetry in e*e” — yull is mea-
sured. Various predictions based on fractional
quark charge are given in Sec. I. In the case of
the Han-Nambu model, the Compton amplitude re-
ceives extra contributions from the color-octet
part of the photon, as discussed in Appendix B.

We have also proposed new sum rules based on
an ansatz for quark-quantum-number conserva-
tion. The sum rule, Eq. (15), is particularly in-
teresting, since it holds even for weak and elec-
tromagnetic decays, only long-lived charged par-
ticles need be detected, and particle identification
is not required. The sum rule holds rigorously
for heavy-lepton production.

The effects on the charge asymmetry as one
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APPENDIX A: THE RADIATIVE ASYMMETRY CROSS SECTION

In this appendix we give the formulas for e*e ™~y +% +X for the case when the polarizations of the
initial beams are not measured. However, the formulas as quoted in Sec. I still apply in general.
The cross section is written

(d3k/l:i)(z(dh3)P/Po) - 81;2?;«12 2 D) <%; | Tol? +225 | Ty 7455 |T°|2) ’ (AD
where the expressions for | T;|2 will be given in terms of the invariants

be* (b +p")=q"T,

Pyt (p=p')=q°7",

ke (p+p') =koVs =g,

ke(p-p')=q%t’.

(A2)

The |T;| are independent of x and are given by
ITBH|2=in,{L12(§’ +ENAT(T! = 7) +2(2ET+E T = E7" = 7" +27) = (£ + £’ +1)]

+2L L[+ 2272+ 277/ £/ + 124+ 7/ 2) =2(27E2 + T/ EE = TE'2+37E+7)
+RE+D)(E+D)] +L2(E" = e)AT(T" +7) +2(=287 +E/ T = £7' = 7' = 27) +(E = £’ +1)]},  (A3)

2
[Ty, 2=- ;{Pu[—4('r+7’)(7 =72 +4B7E + TP 427 < 2TTEH+TTE =TT~ T'2E)

+2(—ATE? = 3TEL = BTE+TE® =278 +2T+T'E2+ T EE" +776) + (RE2+2£E + 38 + £ +1)]
+P L [=4(T+7 )7 = T2+ 4P+ TTE =TT =7 = 2712 — 77?)

+2(2TER+TEE +3TE+TE 2= T/ ER = TIEE — T E 27782 = 277E)

+(—4E% - 288" - 5E - 287 - ¢/ - 1)]
+ Py [A(T = 7)(7+7' )2+ 4(=373E + 72 = 272 = 2777 L =TT/ E = 77 = 712E)

+2(4TE — BTEE +57E = TE P = 27 + 2T+ 7/ B2 = T/ EE +77E) +(=2£2 4+ 288 = 3£ + £/~ 1)]
+Pp[4(T =7 )T +7')2 +4(=7% = TT'E = 77 +7/26 = 27'2E" +7'2)

+2(=27TEP+ TEE = 3TE = TE 2 =TI ERH T EE =T E = 27724277 E")

+(487 - 26" +5E+28% — ¢ +1)]}, (A9)

2
| 7c|*= Ssiz D227(r'e" —76) +(+278% = 27°58" + 78 — 78]

+D\D,[2QR77 " +27' % + 72+ 7)) 4 2(71 EE +TE 2 = TE = 7) + (£ +1)(2E +1)]
+D227(T'E - TE) + QTE2 +27E/2+3TE = T'E') (£2+£2+0)]} (A5)
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In the above equations

L =_q_2_=_ 1
1 Zk‘p §+E, b
-__qa _ 1
L™ e "o
D = q? _ 1 (A6)
Y2k (q-p) 28-27+1°
o __1
De=3kp, ar-1
P;; =LD;.

These expressions have been obtained with the
help of the REDUCE program of Hearn.!* They can
be checked against similar expressions obtained

in Ref. 4 by crossing. The rules that should be used

are

l.x-1,

2. Change the overall sign,

3. a"T+T,’a’ "’TI_Ty B"' "(g +‘£’),3I - E—g’)
@~ —¢*, where o, o', B, B’, and @* are defined
in Ref. 4.

The hard-photon case of e"+¢e* - u* + u~ +y can
be obtained from our formulas by replacing the
structure function D}(x) by D} (x) =6(1~x). The
formulas we obtain this way agree with formulas
given by Berends, Gaemers, and Gastmans.!® In
this limit, our |T|”s are related to their F;;by

IT |2_ 4 222 Fi:
BH --—mIJ-Z
2

4 F
2 _ 2,2 i]
[T el * = —4m?p. z E i ,’

b

i=1 j=3
[Tc[2=_4m2pzt y A—-F‘
iss i Db

where the symbols on the
fined in their paper.'®

right-hand sides are de-

APPENDIX B: COMPARISON OF FRACTIONAL- AND
INTEGRAL-CHARGED QUARK MODELS

The ratio R (x)/R{?(x) and the sum rule, Eq.
(15), are sensitive discriminants of fractional-
and integral-charged quark-parton models. In the
Han-Nambu model with SU(3) color!® the electro-
magnetic current has the form

Jem SUgUp +hgug — dydy— SySy
Ja 1o Jl,ac ’
where
Jo10= Z; $ucu
C=R,Y ,B

- sdcdc 38cSc

and
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J18g = Z $9vdy - 59595 — 3T rd R -

a=u,d,s
For matrix elements between color singlets only
Ja_lc is effective and the results are indistinguish-
able from the usual fractional-charge quark model
with three colors. Additional quark flavors can be
readily included; e.g., the charm quark enters in
the same way as the « quark, adding Trcg +Cgcp
to Jop -

In the e*e” - yHX asymmetry we require the
Compton amplitude involving a single quark line.
In the scaling region the short-distant real part
of the amplitude is required, and virtual inter-
mediate color states will contribute in the Han-
Nambu model. We note that

Ao lTen® | 16) = (1e |y g2 5 1% 1)

2— 17 1=
=Y $cuc +$dede + 55 Sc -
(o]

The sum rule for R(,;’)(x) requires the matrix ele-
ment

Of 2|9 (| T | 0)
We then have

3 A,,flde(,f)(x)
H (]

Ss

3(& N, — 32 — 5 A,) (fractional charge),

3(#r,—42,=%2,) (Han-Nambu below color

production),

2X, = As= A, (Han-Nambu above color
production),

which for A,=Q, gives S, =%, 2, and 4, respective-
ly. Including the charm quark this gives
S;=2, 33, and 6, respectively. For comparison

R=O‘e+e-4_,-had/09+9-'_‘"+“-=2, 2, and 4,

respectively, below charm threshold, and 33, 3%,
and 6, respectively, above charm threshold. In
addition, the various gauge theories proposed to
unify strong, weak, and electromagnetic inter-
actions™ "*® each make a prediction for the value
of this sum rule, which then becomes one test of
that theory. In particular, a model studied by Pati
and Salam" would give the same result as the
standard fractional charge model in one variant,
and the same result as the Han-Nambu model in
another variant (at least until we reach the super-
high energies needed to test their so-called ‘pro-
digal model”).

We also have
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3[&WDyjy=Dyy7) =35 (Dyja=Dyyz) =Dy = D yy5)(Eractional charge)

RP(x)= {3[&(Dy/u=Du/z) - D p/a=Dy7) =+ Dy - D y5)] (Han-Nambu below color production)

2(Dy/y=Dy7)— Dya=Dy7)— Dy /s —Dys5) (Han-Nambu above color production)

to be compared with

3[4 yju+Dyy7) +3 O yyy+D yy7) +5(Dyys+Dyy5)] (fractional charge or Han-Nambu below

RP(x)=

color production)

2(Dy/y+D yyz) +(Dyyq +Pyyz) + (D gy o+ D yy5) (Han-Nambu above color production)

The ratio RY to RY in the valence region, which is fractional in the standard quark model, is integral for
H=7,K in the Han-Nambu model whether above or below color-production threshold.

*Work supported in part by the Energy Research and
Development Administration.

TWork supported in part by the National Science Founda-
tion under Grant No. NSF-MPS-75-15379 and by the
A. P. Sloan Foundation.

fWork supported in part by the National Research Coun-
cil of Canada, the Quebec Ministry of Education, and
the National Science Foundation under Grant No. NSF -
MPS-73-05103.

§ Present address: Department of Physics, McGill Uni-
versity, Montreal, Quebec, Canada.

Icf. Fred Gilman, in Proceedings of the Summer Insti-
tute on Particle Physics, edited by M. C. Zipf (SLAC,
Stanford, Calif., 1975).

2D_. Sivers, S. Brodsky, and R. Blankenbecler, Phys.
Rep. 23C, 1 (1976).

3R. F. Schwitters et al., Phys. Rev. Lett. 35, 1320
(1975).

4Tests of the parton model and fractional charge in e*p
—e*+vy+h+X are discussed by S. Brodsky, J. Gunion,
and R. Jaffe, Phys. Rev. D 6, 2487 (1972). A light-
cone analysis is given by J. Kiskis, ibid. 10, 1219
(1974).

’S. Brodsky and G. Farrar, Phys. Rev. Lett. 31, 1153
(1973).

®A. Bodek et al., Phys. Rev. Lett. 30, 1087 (1973).

'Cf. R. Feynman, Photon Hadvon Intevactions (Benjamin,
Reading, Mass., 1972), pp. 150 ff.

8R. Feynman, in Neutrino ’72, edited by A. Frenkel and
G. Marx (OMKDK-TECHNOINFORM, Budapest, 1972).

°G. Farrar and J. Rosner, Phys. Rev. D 7, 2747 (1973);
R. Cahn and W. Colglazier, ibid. 9, 2658 (1974).

05ee M. Perl et al ., Phys. Rev. Lett. 35, 1489 (1975).

e normalize our spinors as #u=2m and our metric
and v matrices are those of J. Bjorken and S. Drell,
Relativistic Quantum Mechanics (McGraw-Hill, New
York, 1964).

2p_ Fishbane and J. Newmeyer, Nucl. Phys. B83, 396
(1974).

BBR. Brown, V. Cung, K. Mikalian, and E. Paschos,
Phys. Lett. 43B, 403 (1973); I. B. Khriplovich,
Novosibirsk report, 1972 (unpublished); F. Berends,
K. Gaemers, and R. Gastmans, Nucl. Phys. B63, 381
(1973). Note that In(AE/E) is O(1). For detailed calcu-
lations of weak effects in e*e™ annihilation producing
spin 3 pairs, see R. Budny, Phys. Rev. D (to be pub-
lished) and references therein.

144, C. Hearn, University of Utah report (unpublished).

I5F . Berends, K. Gaemers, and R. Gastmans, Nucl.
Phys. B57, 381 (1973).

M. Y. Han and Y. Nambu, Phys. Rev. 139, B1006
(1965). For other references and a review of the ex-
perimental implications of the color model see
M. Chanowitz, Report No. LBL-4237, 1975 (unpub-
lished). The predictions of the Han-Nambu model for
e* +p—e* +y+X are discussed by M. Chanowitz and
J. Gunion (unpublished). We want to thank these
authors for helpful conversations concerning this work.

3. C. Pati and A. Salam, Phys. Rev. D 8, 1240 (1973);
J. C. Pati, Particles and Fields—1974, edited by C. E.
Carlson (A.L.P., New York, 1974), p. 604.

18Ccf, H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32,
438 (1974); H. Fritzsch, M. Gell-Mann, and P. Minkow-
ski, Phys. Lett. 59B, 256 (1975).



