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ABSTRACT -

We consider the process ete” — v +h + X, where h is a hadron
and v is a hard photon, and show how it can be used to test the
quark-parton model, Detailed formulas are given for tﬁe cross
sections, which in the quark-parton model are products of cross
sections for e+e_ — yup 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,
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I. INTRODUCTION AND DISCUSSION

Imthis paper, we explore the predictions of the quark model for the order
as processes e+e— — v+ h + X (where v is a hard photon, h is a hadron, and X
is anything), particularly for the asymmetry of h versus h production, Mea-
surements 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 two assumptions commonly used in the parton
model:1
i) The electromagnetic current of hadrons is carried by quark currents; in ef-

fect, the quarks are elementary spin 1/2 fermions which are produced by

virtual photons in the same manner as electrons or muons.

ii) The quarks decay into hadrons. The hadrons have limited momentum trans-
verse to the direction of the quark momentum, so there should be jets of
hadrons in the quark direction, and the decay 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 momen-
tum,

The breakup of the quark is described by the distribution DZ(X) which is the
probability dN‘g(x)/ dx for the production of a hadron h with a fraction x of the
quark momentum in its infinite momentum frame. (The distribution Dg(x) is
identical to ah /4 (x) in Ref, 2.) In a general frame x is the light-cone variable

Eh+ Iphl

X:W (1)

One of the most striking confirmations of the predictions of the quark-

parton model is the observations of leading (i.e., high momentum) pions in
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e+e— — m + X with the angular distributions expected from the production and
decay of elementary spin 1/2 fermions. 3 The results are particularly clear in
this case because of the polarization of the e and e beams at SPEAR, For

e+e" — h + X the quark-~parton model prediction, in the ¢c.m., is

d
T %degq Dl) + d"th<x>J , @)

where x = 2ph° q/qz, and

S

&

2
Edg_ = —% s (1 +cosZp + stinze cos 2¢) )

Q
q

6]

is the cross section for e'e” — P, with e, ~ ¢ and 1_); — f):l which is parallel
to 5;1 Similarly d%% is the up cross section with f):_L =f)a. parallel to ;_);1 P is
the polarization of eciither beam, and the sum includes all quarks whose produc-
tion threshohl:l has been passed,
Returning to the present work, we consider the process ete” - v+h+ X,

(See Fig. 1.) As already stated, we focus on the asymmetry for h versus h pro-
duction. Equivalently, using C invariance, this is also the asymmetry of h 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,4 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 the section we will outline the main predic-~
tions for eTe” v + h + X using intuitive arguments based on the quark jet pic-

ture, The formal aspects, which are similar to those of Ref, 4, are discussed

in Section II.
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For e+e— — v + h + X the simplest parton model prediction is

e - Z[-—————s (T D) D§(x>J @)
ak/kdydx  q [d%k/kda d°k/k 40

where K is the photon's momentum and kodo/dskd Slq is the cross section for

a and 1_)‘; =§; which is parallel to 13;1 The cross section

is given in detail in Section II and Appendix A, Note that for the muon case

ete” — yui with e, e

lﬁ; | is kinematically determined by K and the angles of f);; when we go to the
hadronic case and assume limited transverse momentum of the hadron relative
to its parent quark, the only additional kinematic variable is x =“2ph-q/ qz. At
fixed ratios of invariants, k Oszdo/d?’k/d&'z“ is independent of s for s >>m2. Here
¢ =@ -k’ =s - Hk. '

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

The hadron asymmetry should be separable from the background ee”

v +h + X events in which the v arises from hadron decay if ° decays can be
excluded with high efficiency. The asymmetry of the background from radiative
corrections or weak interactions (at Js <8 GeV) should be less than O(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 rules5 to vanish by two powers of pz"faster than the
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scaling contribution. Thus, again we require the photon to be detected at large
transverse momentum relative to the jet axis.,

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

Q

O

- + - -~ e
sy =dglee =) dooe oK) yng) o o ) e
d k/kOthdx d k/kodﬂﬁdx ge” |d k/k dQ
do
+————————(D x) - D= (x))J : 5)
d k/k dQ—

and, using C-invariance, Dg =D§, etc. As will be seen, the asymmetry in the

muon cross section is very large - nearly 100% - at cos § = =1, The ratio of

the asymmetry in the hadron cross section to that in the muon cross section is

3
A e" -~
By — h 3 g7 ~h h
Rh &) = & P = %gglpq(x)-Dq,(x)‘l o (6)

3 T3
d 1L</1:<0(mM d k/kOdQﬁ

This can be compared with the ratio of the order ozz hadron and muon cross sec-

tions,

€'e” — hx)

dﬂhdx Z

dQ €'e” — ujl qe
1

L\')‘n-Q )

R - [ohe) + D] ™

For definiteness we take the muon charge eu, =e >0,

The critical prediction of the quark models is that both R}(lz) (x) and R}(IS)(X)
are independent of s and the angles at which the hadron emerges. Further, the
predicted form of the virtual Compton amplitude on a quark (which assumed
that quarks are elementary and require no form factors) is confirmed if Rl(13) x)
is independent of the photon kinematics in the scaling region. Several more

specific predictions follow.,
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Valence quark predictions. For x ~ 1 one may believe that a given quark can

decay-nto a given hadron only if that quark is one of the valence quarks of the

hadronZ, Then, for example, for at ~ud, KN ~us, p ~ uud, we have

R(:i) e3 D7T+ - e3 DE+ R(3+)
T _ 1l u"u dd _3__K @)
2) e + + 5 L(2)

R( 2 T 2 .7 R
7T+ eu Du +ed Da K+

and

(3) 3P, 3P

Rp = .1_eu Py *%a Pa =9 9)

H
RI(JZ) e ei DE +e?1 Dg E

K+ K+ n
where we assume Dg =Du and Dﬁ(x) = ZDE(X)D However, if vWé )/vWép)

— 1/4 6 as x — 1, then one expects DS/DE_ — 0 7 and RI(DS)/RI()Z) =2/3. The re-
sults are a direct test of fractional quark charge. It is also possible that be-
cause of mass splittings the s quark dominates the K+ wave fuxiction, giving
RI(?/ RI({Z_Z = eg/eu =1/3, Predictions for the R(S)/R(z) ratio when the electro-

magnetic current contains a color octet contribution are given in Appendix B.

Quantum number sum rules. We can define the effective multiplicity of hadron

h from fragmentation of quark q as

1
h _ h
nq —J dx Dq(x)o (10)
0
Then,
2 2
1 e e .
(2) - q,h, h _ -
th (x )dx —Z—i(nq+nq) —(nh+nE)L—%- , (11)
q e q e
where
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is the hadron multiplicity in e+e— annihilation., The integral of the hadron

asymmetry is

w
j=a|

1 e
By = «— 9,0
dx R\VNx) = S 2@ -n). (12)
0/ h uqei" qa g

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

The simplest expression of quantum number conservation is
h _h h
n_ -n = n = A 13
5l mg) T ety < )

where A is any additively conserved quantity (A =Q, B, Y, IZ, eoo)o 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 hypo’chesis8
that the gquantum 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 contribution at x — 0; cascade models
of this sort are discussed in Ref, 9. Nevertheless, Eq. (13) remains an at-
tractive 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,

1
3
Y, [ axr®) = T - q : (14)
h 0 :
Specifically, for }\h = eh/ e, the total charge asymmetry ratio is

q =u,d,s
(15)
h 0

Zeh [1 3) _ eé _(
ry dXRh (x)—%;z—}

Do o
)R cofro

q =u,d,s,c

N
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where we have included a factor of 3 for color. The values given above may be
changed if the electromagnetic current contains pieces which are not color
singlets, as in the Han-Nambu model, This is discussed in Appendix B. The
above sum rule is particularly convenient in that it does not require identifica-
tion of the particle, but only of the sign of the charge. If there are leptonic de-
cays, the decay u and e contributions to the charge asymmetry must also be in-
cluded. Thus, the sum labeled h 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 contribution. However Dg(x) - Dg(x) could well have a Reggeon
contribution x* at small x where « 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 production and decay of an elementary Dirac heavy lepton L 10 in
ete” — yLT. In particular, the charge asymmetry is scale-invariant and if

e, =e it satisfies the sum rule

e 1
h 3
T Taxr® ) -1, (16)
where the sum includes the hadrons and leptons u,e in the decay of I.. The sum

of Eqs. (15) and (16) should be used if the heavy lepton and quark generated

events are not separated,
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II. CALCULATIONS
The Feynman diagrams relevant to e+e— — v +h+ X are given in Fig. 1.
Figure la will be referred to as a Bethe-Heitler process and Fig. 1b a
Compton process., The momentum labels are given on the figure. The matrix
elements for the diagrams are11

€ .
A, () = ie3\7(pv)[YVB%lz yH 4+ yH IT}E yV] u(p) ;211‘ x/d4ye—1q°y<h,Xl S, y)1 0>

ie® 43 () )

[l

and

M (0)

It

_ m L
—esv(pV)y}\u(p)g—z—[i‘Lxd%e iqzHikx 4 XIT* 4 @), &)10>
q

~eLut ). (18)

i

Using the charge conjugation operator, |h> =clh>, it follows that

A ) = M 0)
and (19)

where the states X are charge conjugated also, The difference in cross section
between the processes involving h and h thus depends on the interference be-
tween diagrams la and 1b.

The cross section for h is given by

6,3 3
e dk AP s 1®+ wuy i

doth) =
2s 4(27r)6k0PO X

_ 1 71 -
2 Im A [F M) 5 (20)

where s = (p+p')2 =az and the lepton masses have been neglected. The cross

section difference is proportional to the last term above, and can be written as
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3 3.3
- o d'kd"P /,LV)\_[
doth) - do@) = Mmoo 1)
_ anszqz kOPO UVA
where the lepton trace is
A A v 1 1
P = ftr pB [7 szt Hv”} (22)

and the hadron currents give
4 4 iqy+kx
V“V;\ = ‘g_;fd xd'ye o <OI,,7V(y)Ih,X><h,XIT*(]A(O)ZM(X)I0> (23)

and the sum over X now includes a (27r)464(k+q—P—X)°

The expressions given above are exact to the stated order of &, neglecting
the lepton masses. The expression for VIJVK simplifies if we replace the phys-
ical hadrons in the closure sum by bare constituents (partons). V&;e further as-
sume that the charged constituents carry spin 1/2 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 q2 and CIQ are large and where
each of the three photons has a large transverse momentum relative to the di~
rection of the observed hadron, The dominant contribution to V

TR

circumstances is given by Fig., 3, We assume, as stated earlier, that the de-

under these

cays of quarks into physical hadrons follow the same pattern as the fragmenta-
tion of hadrons into quarks: the decay products have limited transverse momen-
tum with respect to the initial momentum of the parent quark, provided that mo-
mentum is large. The dominant contribution in our kinematic region must have
all 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 mo-
mentum in either the initial or final state and thus its contribution would be sup-

pressed.
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We might comment that the kinematic requirements are easy to satisfy at
high efiergy if we do not place all the particles in the same plane. Consider the
plane formed by the beam and the observed photon. All the photons must lie in
this plane, The requirement on the transverse momentum of the photons is
then satisfied simply if the observed hadron has a reasonable momentum out of
this plane,

Using the function Dg (x) to describe the breakup of the quark we obtain

3 1
2<% [ dx/nh h
Vo =i %?of —}-{-(Dq(x)—Dq(x)>
XM ) vy 7otV 7o v ———y up,) (24)
q Kﬁq-q-ku uléq+k A 15q~¢1+1e v "¥q

where x is the light-cone variable defined in (1). The appropriate discontinuity
is also indicated on Fig. 3 and gives
3
T eq h h
IV, = -z % e—S(Dq(x) - DZENM, o 25)

where we have obtained the relation

x =224 (26)
q
and
_ 1 1
MIJ,V}\. = tr qu'yv (Fﬁq—q) [')/7\ ¢q+k ’YIJ.+’YIJ4 ﬁq_q_k 'YA.} o (27)

The last expression is given in terms of the quark momentum pq, which can be
obtained from observable quantities by recalling the definition of x (in the scaling

limit where masses can be ignored)

1
pq ZEPQ (28)

Note tha’cﬁ2 = (q+k)2 =g is the square of the beam energy.
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Inserting this result into Eq. (21) gives the formula for the cross section

asymmetry as

3
3. .3 3 e
~ d°kd°p « q b h 2
do() - do(r) = 55 ) —(D (x)~-D=E)IT. | (29
X0 27r2xsq2§ e? 4 a7t )
with
2 " U

letl = —————L-qu . (30)

The complete formula for lTintlz is given in Appendix A, along with the cor-
responding formulas for the Bethe-Heitler and Compton cross sections, which

do not contribute to the asymmetry.

The calculation for the asymmetry in ete” - vup will be precisely the same
if we substitute P, =p q° The sum over quarks is replaced by a single term for
the muons and since the muon suffers no breakup the functions-Dg(x) are re-

placed by
Dﬁ-—(x) = 6(L=X), (31)

We let dSP/ PO become Eixdxdﬂq so that

3

o
2 2
T sq

a°k
kO

do@) - do@’) =

aQ =, (32)
99

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

calculated the ratio

A = do(yi)—dcr(u:) ﬂ (33)
do@ )+do@ )
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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_ — u+u—y can be esti-
mated from the usual soft photon formulas: (Ey <5 )

+ -~
do( ) do@ ) dg, + - + — 8a 1-cos 6

- =gl e —pp)=—log——"
deEy/E'y deE,/E,y dQ T 1+cos @

where the angle 6 >>\/—HW is measured relative to the positron direction,
Thus the signal is of order 1% and the u is favored to emerge along the posi-
tron beam direction. We shall give two examples of the actual cross section
for a typical configuration at «/g =8 GeV, where the photon emerges at 90° to
the beam axis with Ey =1 GeV (q2 =48 GeVZ)q For the large asymmetry con-

figuration with ,u+ along the e™ direction (9M —- 0, Ell =3.43 GeV),

dE
doe’) = 2.1 x 10736cm? = agdq
y

i.e,,

+
E d dE dQ. dQ
Lok V/aE,, Y

= ,013
dote’e” — uu7)y/d 2,
and do (1) is negligible. For the zero asymmetry configuration Gu = 900,

¢“ =90° (i.e., beam, photon, and muon mutually perpendicular, EM:'3'43 GeV)

dE

do@) = 0.54x107%% cm®?—Ydg do |
E YK
%
1.€e,,
+
E d dE dQ dQ
A = ,0067 ,

dcr(e+e- — u+u-)/d QX
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III. CONCLUSION
As we have shown in this paper, the hadron asymmetry in radiative ete”
annihilation, e+e_ — vhX, can provide a sensitive test of the parton model and
the electromagnetic interactions of the quark current. If the photon is not de-
tected, the hadron asymmetry in ete” — hx (from two-photon annihilation and

12,13 (of order 8{a/m)log(tan %—))Q Also at

radiative corrections) is small
SPEAR energies (\/_s <8 GeV) weak-electromagnetic interference effects yield

a small asymmetry (~1%). 13 Once the hard photon is detected, however, the
electromagnetic asymmetry becomes maximal (~ 0(cos 6)).

In the scaling regime (large s with ratios of invariants fixed)‘the asym-
metry is only due to the interference of the Compton and Bethe-Heitler dia-
grams and directly measures Compton scattering on a quark line. As dis-
cussed in Ref, 4, the existence of an elementary Compton current implies the
existence of a fixed pole at a(t) =j = 0 inthe elastic Compton amplitude yh — +h,
The asymmetry thus provides a test of scaling and quark spin structure in a
new timelike domain, determines the non-Pomeron part of the quark fragmen-
tation 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
RI(13) (x) of hadron asymmetry in e e~ — yhX to muon asymmetry in ete” - VU
is measured. Various predictions based on fractional quark charge are given
in Section 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 we have
discussed in Appendix B.

We have also proposed new sum rules based on an ansatz for quark quan-
tum number conservation. The sum rule, Eq. (15), is particularly interesting,

since it holds even for weak and electromagnetic decays, only long-lived
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charged particles need be detected, and particle identification is not required.
The swm rule holds rigorously for heavy lepton production,

The effects on the charge asymmetry as one crosses new particle thresh-
olds (charm, heavy leptons, color) should be especially illuminating, In any
event, the charge asymmetry is important to study in order to understand the
electromagnetic background to the exciting weak interaction asymmetries which
will be prominent at the next range 8 </s <40 GeV of e+e— storage rings.
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APPENDIX A: THE RADIATIVE ASYMMETRY CROSS SECTION
Inthis appendix we give the formulas for ete” — vy + h + X for the case
when the polarizations of the initial beams are not measured. The formulas as
quoted in Section I, however, still apply in general.

The cross section is written

2 3 4
3 e o o
dO'(h) a h [ q 2 a ) a 2
= 2: D )| IT 1" +2—=IT, |7"+—IT_ | (A1)
d3k d3P 87r2xsq2 a=q,q a Lez BH e3 int e4 c
Ky Py

where the expressions for ITiI2 will be given in terms of the invariants

Py ° ®e+p') =q°r .
by * o -PY) = a7
(42)
k- p+p") = kys =’
k. @-p) =¥,

The ITil are independent of x and are given by

Tgy!” = i’é 3L§(E'+5)[4”(T“-T) F2(2ETHE T -ET T 2T )= (45 41)]

+ 2L1L2[+2(21'2§+27»r'€l+72+712)_2(2T§2+T|g£q_75,2+3T€+7)

+(2g+1)(§+1)]+L§ (ET-E)4T(T"HT H2(-28 T+ Yrefr'-7'-27)

+e-¢'+1)]| (A3)
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T, |2

__ 2 2 2 2 2 2
int! T 'é-slPll[-4(T+T’)(T—T') FABT EFTTE2T T 2T T AT T - T - Y

-

+2(—47§2-3ng'—57g+7g'2-27g?+27+7'g2+7'gg 4Tl H(2g2+2gg "+35+£"+1)]
+P12 [—4(T+T')(T—T')2+4(72+77'g’—-r T ’—T'zg—ZTVzg 't '2)
wEreterrasrirretor g r e o ry

+(-457-2¢5" 525" ¢ 1))

+P21[4(7‘—T')(T+T')2+4(—37'2g+72g '-272—2T7'g—7'r‘§ '—TT'—T'Zg ')

+2(4752-3T.§g'+5'rg—7g '2—2T§'+2’T+T'§2—T'§§'+T'§)+(-—2.§2+2§§ '-3&+£'-1)]
+Pyq [4(T-T' )(T+T’)2+4(-72—TT 'ttt ’+T'2§—ZT'2§'+T'2)0
+2(—2T.§2+T§g'—375~Tg'2—7'g2+7'gg'-7'g—27'g '2+2~r'g')

+ g2 5426 =g 141 | | (A4)

[Tclz = §%—1D§[2T(T'.§'—T§)+(+ZT§2-2’T'§§'+T§—T'g')]
s” .
2 2,2 2
4D, D, [2@T T 27 g T T IR (T L T E o £ T (e 41) @641

+D2 (27 (11 -7 e )T e e P8 e~ )6 B e ) ) (A5)

In the above equations

- _4 |
Ly = 2Kkop E+E"
2
L = - 9 = - 1
2 ~2kep’ g-¢!
2
- q _ 1
Dl ~ 2ke (q—pq) B 2E-2T1+1 (A6)
2
D = 9 = 1

2 Zk-pq 27-1

P.. = LD, .
1]
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These expressions have been obtained with the help of the REDUCE pro-~
gram Of A. Hearn. 14 They can be checked against similar expressions ob-
tained in Ref. 4 by crossing. The rules that should be used are:

1. x—1

2. Change the overall sign

3. a—-T1+71'

a' - 7' -7

B—--(E+E")
B -t -t
Q2 - 2

where «, o', 8, B', and Q2 are defined in Ref. 4,

The hard photon case of e + e+ — y,+ + @+ can be obtained from our
formulas by replacing the structure function Dg(x) by DZ (x) =6(1-x). The for-
mulas we obtain this way agree with formulas given by Berends, Gaemers, and

Gastmans., 15 In this limit, our |T lz's'are related to their Fij by

2 2 F.

2 2 2 ~ 1j

IT gy | m K 2_: ~ D.D,
i=1 j=1 7i7j

2 4 F

2 2 2 ij
Ting! B 2 B
i=1j=83 717

4
T = - 4m’? L Z-—L
i=3 j=3 1]

where the symbols on the right-hand sides are defined in their paper. 15
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APPENDIX B:
COMPARISON OF FRACTIONAL- AND INTEGRAL-CHARGED QUARK MODELS

The ratio Rg’)(x)/R.[(f)(x) and the sum rule, Eq., (15), are sensitive dis-
criminants of fractional and integral charged quark parton models, In the Han-

16
Nambu model with SU(3) color the electromagnetic current has the form

Jem = uRuR+ uBuB_deY - SySy = J8,1C - Jl’BC

where
2 - 1 1-

J = Zuu, -zd.d., -zs8.8

8,1C C=R,Y,B 3 CC 3 CC 3 C¢C
and

_ 20 _lag 1— ‘
J18, ~ ) 39% 3998 "3 9%R%R -

C g=u,d,s
For matrix-elements between color singlets only J8 ’ 1C is effective and the re-
sults are indistinguishable from the usual fractional quark model with three
colors, Additional quark flavors can be readily included; e.g., the charm
quark enters in the same way as the u quark, adding ERCR + CBCB od om”

In the e’e” — YHX asymmetry we require the Compton amplitude involving
a single quark line. In the scaling region the short distance real amplitude is
required, and virtual intermediate color states will contribute in the Han-
Nambu model. We note

<1CIJimllc> = <1CIJ?,SC+J28,10|1 > %—2?; o * & d.+%8.8

The sum rule for R.I({S) (x) requires the matrix element

2
<OlJemln><nlJemIO> .
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We then have

'A = (3) = '—_8_. - _].Z_ — i i
S3 EH AH D[dx RH x) 3 t27 ?\u 57 }\d 57 hs} (fractional charge)
S ESYE SRS Nambu below col
5N "5 M 9sJ (Han-Nambu below color
production)
2A =A,~-A (Han-Nambu above color
u ‘d s .
production)

which for 7\H =QH gives S3 =2/3, 2 and 4 respectively, Including the charm
quark this gives 83 = 34/27, 3-1—, and 6, respectively. For comparison
R =0, _ /o+_ +_=2,2,and4,
ee —had ee —-puupu
. 10 10
respectively, below charm threshold, and —, 5>

charm threshold. In addition, the various gauge theories proposeEl to unify

and 6, respectively, above

strong, weak, and electromagnetic interactionsl7’ 18 each make a prediction
for the value of this sum rule, which then becomes one test of fchat theory. In
particular, a model studied by Pati and Salam17 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 superhigh en-
ergies needed to test their so-called "prodigal model"),

We also have

(3) gy =y2| 8 1 1 '
Ry &) = 3{27(DH/u—DH/L'i) = 37 Pr/aPr/a) - 27 (DH/S_DH/E)] (fraggg‘;ngil)

4 1 1
3 [§(DH/u_DH/ﬁ) - 9Px/aPr/a) -~ 5Pu/sPuy/s )] (Han-Ramby
production)

2 -D._ =) - D, =) - -Dy /3 - b
o0y yDi0/2) - PaaDi ) - Oy D) an-Nambn above
to be compared with

(fractional charge
@)y (a4 el 1 _} or Han-Nambu
RH ®) 3 9(DH/U.+DH/u) + 9(DH/d+DH/a) + 9(DH/S+DH/S) below color pro-
' duction)

_ _ _ (Han-Nambu above
12 (DH/u+DH/u)+(DH/d+DH/d)+(DH/s+DH/s ) color production)
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The ratio Rg) to R‘[(JZ)

in the valence region, which is fractional in the standard
guark Thodel, is integral for H = m,K in the Han-Nambu model whether above or

below color production threshold.
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FIGURE CAPTIONS
The diagrams which contribute to radiative e+e— annihilation, ete” y+h+X,
The diagrams of Fig. 1 drawn in terms of the quark representation of the
current, Figure 2c is expected to give small contributions if the compo-
nent of K transverse to the quark (jet) direction is large.

The diagram for the leading contribution to VM The diagram with k and

VA°
qN connecting in the opposite order should also be included.,

The p* - 1~ asymmetry in e'e™ — vu'n™ (Eq. (33)), We have fixed \/s =8
GeV, Ikl =1 GeV and the photon direction perpendicular to the beams. The
muon angles are measured relative to the incoming e~ direction and the

e -vyplane, In Fig. 4a, the e - plane is perpendicular to the e -y plane

(¢ =90°); in Fig. 4b, ¢ =0°,
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