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The energy-differential forward-backward asymmetry in the reaction e*e ~—M + anything, M
being a leading, light-quark-constituted meson in a jet, is considered. The measurement of this
quantity yields rank-1 and higher-rank fragmentation functions for light quarks hadronizing into
light mesons, separately. It is also possible, in the case of a large event sample and good particle
identification capabilities at high energies, to obtain information on Z couplings to light quarks.

The forward-backward asymmetry Agg, in the pair
creation of elementary fermions f, f from e Te ~ annihila-
tion, has received a fair amount of theoretical and experi-
mental attention.! When measured on resonance at the Z
mass in the forthcoming Z factories, it will provide a
clean and powerful precision test of the standard-model
couplings of Z to f,f as well as an indirect means of
searching for new physics.? Off-resonance measurements
of App at lower energies, covering y-Z interference, ex-
ist’ from e *e ™ storage rings for final-state leptons e, y,
and 7 and heavy quarks ¢ and b identified as jets. It has,
however, not been possible so far to extend such measure-
ments to the light quarks g; on account of the difficulty of
unambiguous identification of the flavor of the parent of a
jet generated by a light quark. This is unfortunate be-
cause of the branching ratio of Z —gq,g, is about 43%.
MAC and JADE Collaborations have utilized their ha-
dronic data to measure the combined asymmetry for all
quarks.’ At the energies of the SLAC and DESY
storage rings PEP and PETRA, where these measure-
ments are made, this asymmetry arises from y-Z interfer-
ence and can be used to test the standard-model predic-
tions for the axial-vector couplings of the quarks.

In this article, we consider the energy-differential
forward-backward asymmetry in the 1l-particle inclusive
reaction e Ye “— M +anything (Ref. 4). M here is an ob-
served light-quark-constituted meson (pseudoscalar as
well as vector) which is the leading particle in a jet. We
propose that a measurement of this quantity be used to
obtain the fragmentation functions D;”, where g is a light
quark. This would be an improvement over the existing
measurements in e Te~ annihilations, where only the
combined fragmentation function DM=3 f DY, f, be-
ing the branching ratio for the specific reaction
ete™ —qq, is known.’

The above inclusive forward-backward asymmetry,
measured on the Z resonance, can also be used to obtain
information on the light-quark couplings to Z. The pro-
duction of light-quark-constituted mesons is, of course,
heavily dependent on the details of the hadronization of
light quarks. Nevertheless, if such mesons have high en-
ergy (i.e., with momenta greater than, say, 80% of beam
momentum), the dependence of the inclusive forward-
backward asymmetry on the details of hadronization be-
comes weak and one can hope to measure the chiral cou-
plings of Z to the corresponding light quarks. While the
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event fractions for mesons with large fractional momenta
are small and the distinction between 7= and K * at such
high energies is hard, a large event sample and a high-
grade particle identification capability® may overcome
these problems. The CERN e *e ™ collider LEP, on the
Z resonance, can produce 10’ Z’s over a reasonable
period, and this could yield a large enough sample of
events.

Designate the angle made by M with the electron beam
direction as O™ and the fraction of beam energy carried
by it as z: 0< 8™ <7 and 0 <z < 1. Denote the cross sec-
tion for the process under consideration as aM(qz), q2 be-
ing the total four-momentum squared of the electron-
positron pair. The inclusive energy-differential forward-
backward asymmetry can be defined as’

-1
M
AM(z,d%) = dgz
1 0 dZO_M
x[ - ]dcosBM————————. (1)
f 0 f—l dz d coso™

We shall make use of the ratio on the right-hand side
(RHS) of (1) as well as its numerator and denominator
separately.

First, we make a remark concerning the effect of CP
symmetry, given an arbitrary particle M. Invariance un-
der CP dictates that do™/d cos6™=d o™ /d cos(6M+1)

and hence A %3 =—A }{3, M being the antiparticle of M.
Consequently, (1) can be rewritten as
—1
doM
A M , 2y —
FB(z,9°) 4
1 dZO.M
X d cosoM —————
f 0 dz d cos6™
_ 2 M
—d cosoM ——4—0——-_— . (2)
dz d cosé™

Evidently, 4%4(z,q%) vanishes when M is an eigenstate of
C. This result, incidentally, holds even for the specific ex-
clusive reaction e e ~— P +n, if P is any observed parti-
cle and |n) a particular (in general multiparticle) state,
all of whose momenta and spins are, respectively, in-
tegrated and summed, provided |n) contains self-
conjugate particles and/or those accompanied by their
antiparticles only. For instance, in the exclusive reaction
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ete " —yff or ¢ff (¢ being the neutral Higgs boson),
AN z,q%)= AEF™Y(2,¢*)=0; in contrast, the reaction
e*e™ —K 7" K° has a nonvanishing 4%;*l(z,¢2).
Next, specialize to the situation where M is the leading
particle in a jet. Consider the process in the QCD parton
picture.® Let o » be the cross section for the production
of a parton of type p in e "e ~ annihilation. The probabil-
ity distribution for the parton p to produce the meson M
with a fraction z of its momentum is given by the frag-

]

ag ( %)
DM(z,q°)

—nM, 2
=D, (z,q5)+ P,

nd- ldx
%lf X

M, 2
— Dy (x,95) 1 Py,

mentation function D‘f”(z). To zeroth order in QCD
(naive parton model with perfect scaling) only gg pairs
are produced and D,f"(z) are functions of z only. To first
order in a;, the QCD fine-structure constant, one must
consider gluon-loop effects to e "e ~—4¢g as well as soft
gluon bremsstrahlung by final-state quarks. (We confine
ourselves only to events with two hard Jets) Perfect scal-
ing is thus v1olated and the functions D, M(z ) become ¢?
dependent. This g% dependence is given by

] . (3)

- Dglw(x7q(2))

In Eq. 3) P, and P,, are Altarelli-Parisi splitting functions® and g, is a reference momentum, where data on fragmen-
tation functions exist. Here we take g, =30 GeV. One can then write

d’o!! 9% _pWizqe)
dz d cosf 2dcosf) P59
d2 M _2 P DM(qu)
dz d cos@ dcosf * ’

4)

(5)

where 6 is the angle made by the thrust axis of the jet containing M (M) to the electron beam. The difference between

this angle and 6™ (6¥), the angle made by M (M
Let M have the quark content ¢,§ ;.

) with the electron beam, is typically negligible for leading particles.
Consider the difference between (4) and (5).

Its RHS receives contributions only

from quarks g,,q, and antiquarks g,,q ,; those from other sea quarks cancel out:

d*o™

_ i
dz d cos6™ d cosf

f ol d cos6™

dzd cos0M

=[f f JdcosG

%q, M 2y_ pM 2
oy [qu (z,q%) un (z,q°)]

da,

[DM(zq) D;Z(z,qz)] . (6)

d cosf

In contrast with the above, the sum of (4) and (5) receives in its RHS, contributions not only from g¢,,q,,§,,7 , but also
from all other sea quarks and antiquarks ¢g,,g,. Thus the denominator of (2) becomes

dO,AM

_ 1 dao, M, 2 M, 2
_Eq"f_ld cosf)dcose [D;(z,q )+D(z,q 7,

(7

where Zq runs over valence quarks ¢, and g, and sea quarks g;.
If g,,q, form a doublet of a good ﬂavor SU(2) symmetry (e.g., isospin) and M and M are the two terminal members of
the corresponding triplet (e.g., 7= or p¥), then, by isospin and C invariance, we have

DM D_M, and D;,’zp;’.

8)

On substituting these relations in (6) and (7), they take the simpler forms

f dcos@M—dg—- dcosOM—d——o— [f f d cosb qu doq’ [DM(z,q%)— DM(z,4%)]
0 dz d coso™ dz d cos6M dcos® dcosd 9 q., ’ ’
9)
and
i’f——f d cosf 905, “u [DM(2,4%)+DM(z,4%)]+ Y ks g% (10)
dcos6  dcosf 9 7 dcos % 7
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I. MEASUREMENTS OF THE FRAGMENTATION
FUNCTIONS

The fragmentation functions D;’(z) cannot be derived
from first principles of QCD. They involve the processes
of quarks combining into mesons which are in the
domain of soft physics and are not calculable. There are
various phenomenological models which are designed to
explain the data.’ Most of these models use the cascade
picture of fragmentation.”>!°

The meson M has quark content ¢,,7,. If a g, (or a
g') is produced in e*e” annihilation, it can directly
fragment into M by picking up a g, (or a g,) at the first
step itself. Therefore, D,f: and DM are rank-1 fragmenta-
tion functions.>!® Any other quark (or antiquark) must
first fragment into some meson M’ such that a g, (or a
g .) is left behind, which can in turn fragment into M. So
all D}s, where p is not g, or g, are higher-rank frag-
mentation functions. One can measure these fragmenta-
tion functions using (6) and (7), by making some reason-
able assumptions as discussed below. In the cases where
isospin relations (8) hold, one can use the simpler Egs. (9)
and (10).

For the case when M is 7% or p*, we have g, =u and
q,=d. The isospin relations (8) hold and we can use (9)
and (10). These equations involve one rank-1 fragmenta-
tion function D] and two higher-rank fragmentation
functions D : In the cascade picture of fragmentation,
all the higher-rank fragmentation functions into a partic-
ular meson are assumed to be equal. (This is since both
q, and @ , must be produced from the vacuum in the case
of higher-rank fragmentation while only one of them is so
produced for rank-1 fragmentation.!!) Now the number
of independent fragmentation functions is reduced to
two. The differential cross sections for quark production
in (9) and (10) are easily calculable in the standard model.
By considering the sum and difference of the numbers of
charged pions (or p’s) in the forward and backward hemi-
spheres one can directly measure the fragmentation func-
tions of light quarks into such charged mesons.

The situation is a little more complicated for the case
when M is K ©. Here also all the higher-rank fragmenta-
tion functions are equal. But the two rank-1 fragmenta-
tion functions DX " and DX " are not equal because SU(3)
is broken.” However, they can be related to each other
and the higher-rank fragmentation function if one makes
an assumption about the relative probability of the pro-
duction of u# and s5 pairs from the vacuum. If this prob-
ability ratio is taken to be 0.4:0.2, then the relationship
between the fragmentation functions becomes'?

Df+=%[D§K++DSK+] . an

Substituting this in (6) and (7), one can obtain the frag-
mentation functions of light quarks into charged kaons.
To measure the fragmentation functions in the way
proposed, one must isolate the mesons coming from the
decay of resonances and consider only those that are
products of direct fragmentation. This can be done fairly
easily for the leading particles in a jet.!> The above pro-

cedure is not suitable for measuring fragmentation func-
tions for nonleading mesons, since it is difficult to isolate
the directly fragmented mesons from those emerging out
of resonance decays.

The European Muon Collaboration'? (EMC) has mea-
sured the fragmentation functions of light quarks into
charged pions and kaons by a procedure which is some-
what similar to that discussed here (i.e., by taking the
sum and difference of the numbers of mesons in the for-
ward and backward hemispheres). But they had to as-
sume the quark luminosity functions to calculate the
quark production cross sections in the process of deter-
mining the fragmentation functions. In e e~ annihila-
tions these cross sections are given directly by the stan-
dard model. So the fragmentation functions determined
in this way are less parametrization dependent.

II. MEASUREMENT OF CHIRAL COUPLINGS
OF Z TO LIGHT QUARKS

The chiral couplings of Z to u and d quarks have been
obtained from deep-inelastic scattering of v and ¥ on iso-
scalar nuclear targets.!* Measurement of the ratios of
neutral-current to charged-current cross sections

o NS
— N _ 2 2 2 2
R,= oG =(8Lu T81a)t +(8Ru T8R4 » (12)
V.

and

NC
vN
oc = (87, 81438k, T8Ra) » (13)

vN

(g

R, =

where the g’s refer to the chiral gauge couplings, allows
us to determine (g}, +g2,) and (g3, +g3,). Our method
will obtain the combination [(g}, —g3,)—(g
—gra) (82, T8k, +(8la+8RaI1 T\

Consider the energy-differential inclusive forward-
backward asymmetry for the case when M is a charged
pion, for which ¢, =u and g, =d. (Exactly the same con-
siderations go through when M is a charged p.) Our aim
here is to find a situation where the strong-interaction
corrections decouple from the weak-interaction quanti-
ties so that a combination of the chiral couplings of Z to
u and d quarks gets directly related to experimentally
measured qgantities. One can obtain the relevant expres-
sion for A (z,q%) by substituting (9) and (10) in (2). The
expression for the do(ete ™ —gqg)/d cosf for all ¢? is
given in Ref. 3. Though our method is applicable to all
g’ let us specialize to the case g>=M32. The reason for
this is the resonance production of Z which leads to a
tremendous increase in the number of events. Also, on
resonance the y-Z inte+rference term drops out and
do /d cos6 as well as Afy take particularly simple forms.
First, we have

1_ o |doleTe —qq)
Ifo f—l d cosf d cosf

Tak

4r%

(81 —8R )8, —8Ry) (14
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1 do(e™e ~—4qq) _
f 7 cosd d cosf= 3

(15)|

3
4

+ gﬁ ‘—g}%
P _ e e

AFB (Z)Mé)'— _2—-.__ [(gLZu _gI%u)_(gZd

8ie 1 8ke

3
X {[(g}, +83.,)+ gla+83) DI (z,M3)+D] ' (

8l.—8ke | (814 —8Ru

feT8R)8L,tER,) >

)—(8fa—8ka)

where ', is the Z width and a; =a/sin’0y, cos?0,,. It
follows that

—g3)ID] (z,M2)—DJ (2, M3)]

2,M3)]+ (g}, +g3,)2D] (z,M3)}~

=3
4

gl.+8ke

where F(z,q2) contains all the information involving the
fragmentation functions. As mentioned before, D] is a
rank-1 fragmentation function and D] : are higher-rank
ones. Both theoretical expectations® ' and experimental
data'? indicate that the ratio of higher-rank fragmenta-
tion function to the rank-1 fragmentatxon +functlon be-
comes small at high z, i.e., Dds (z)/D; (z)—0 and
F(z,q?)—1as z—1. Thus we can define

ATo(M2)= nmlAg;u,M;)

(874 —8ku)— (814 —8Ra)
(17)

8ie —8ke
8l t 8.

=3
4

The RHS of (17) contains a product of two ratios of func-
tions of Z couplings: one involving the electron couplings
and a second involving those u and d quarks. The first
can be measured from the forward-backward asymmetry
(on the Z resonance) in the reaction ete " —pu*pu~, as-
suming e-p universality. Then (17) can be used to obtain
[(82. —8ku)—(81a—8ka)] [(82, +82.)+(gls+82)1 "
It is remarkable that the inclusive forward-backward
asymmetry for a meson is independent of strong interac-
tions, in the limit z—1, yielding a combination of weak
couplings.

One can also consider a generalized version of (17), for
any value of qz. To write out this expression, define the
complex variable £=[a,/a(l—M2/q*+iM,T ,/q%)].
Then the inclusive forward-backward asymmetry, in the
limit z— 1, is given by

75(a)=[—2Q Re£(gL, —&r. N&Lr —&xy)
+1€1%(87. — 8k N&is =8 ) f=u-a
X[4Qf2_2QfRe§(gLe +8re (8Ls t8ry)
+161%(gf tere 8L+ L usa
(18)

where Q is the electromagnetic charge of the fermion f.
In the standard model, (17) can be written as

(8. t8R,) T (824 +8R)

F(z,q%) , (16)

r
3 1—4sin%6,,
4 1—4sin%0, +8sin*d,

sin’@,,

—3sin’0y, + Lsin*6,,

(19)

where 0, is the Weinberg angle
known value of sin’0y,, =0.23, A7, 5 ~0.026 in the stan-
dard model. Any significant dev1at10n, observed from
this value, will indicate new physics beyond the standard
model. If the electron beam is totally longitudinally po-
larized, the factor involving the electron couplings in the
RHS of (17) becomes + 1 depending on whether the heli-
city of the electron is positive or negative. This evidently
enhances the magnitude of the asymmetry. For e~ and
e beams with partial longitudinal polarizations P~ and
Pt respectively, in the electron beam direction, (17) is
modified to'’

With the presently

ATH(M2)
_ 3 (8fu—8ku)—(8La—8ka)
4(8Lu+gku +(g24+8ra)
><(1+P+(1—P g2, —(1—P*)(1+P gk,
(1+PH)(1—P gk, +(1—=P ) (1+P gk,

(20)

One of the difficulties in verifying (19) or in measuring
the chiral Z couplings of light quarks from (17) is achiev-
ing the limit z—1. This is since both theory®'® and ex-
periment>'? indicate that all fragmentation functions go
to zero in this limit. The situation here is analogous to
that of the ratio of the neutron to proton structure func-
tions in the limit of the scaling variable x approaching
unity. This ratio, being equal to that of the squared elec-
tromagnetic charges of the d and u quarks,

F$'x) Q3
im =—
=1 FP(x) Q]

(21)

=

a benchmark of the quark parton model, is nonzero even
though both F$"(x) and F%(x) vanish when x —1. A
prolonged effort has been made over the years to experi-
mentally verify this relation by a limiting procedure
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based on the accumulation of larger and larger data sam-
ples. The present results!® indicate that the limiting
value of the ratio in (21) is indeed close to §.

An alternative but more model-dependent procedure is
to try to extract the chiral couplings in (17) from experi-
ment by use of fragmentation models. Here all the pions
with z greater than some z, are used to measure the
forward-backward asymmetry. That is, both the numera-
tor and the denominator of F(z,q?) are integrated from
Z, to 1. Thus we define a correction factor

1 + +
[ dz[D]" (2,M3)—Dj (2,M3)]
c “

b

f‘dz[D:+(z,M§)+D;+(z,M§)+1.120;’*(z,M§)]
20
(22)

1.12 in the denominator being 2(g? +g3 )(gZ, +g3.
+gfy+gh,) ! in the standard model. The factor C can
be evaluated by using a theoretical fragmentation model.

Two of the most widely used models of the fragmenta-
tion of quarks into mesons are the Field-Feynman® and
Lund Monte Carlo'® models. Both these models are
based on the cascade picture, which makes the following
two assumptions. In the cascade, each step of the frag-
mentation is similar to the previous step and the momen-
tum distribution of a meson is taken to be just a function
of the ratio of the meson momentum to the momentum of
the quark which produced it. Let f(1—n) be the proba-
bility for a quark to produce a meson with fractional
momentum 7n=p,, /p, [or, equivalently, the probability
to leave behind a momentum fraction (1—7) after the
meson production]. Then the probability F(z) of finding
final particles with a fraction z =p,, /p.,m Of the beam
momentum is given by’

z

F(z)=f(1—z)+f“—11;7-f(n)F 23)

The final fragmentation functions must also take into
account the probabilities of production of various flavors
and spins of the mesons. This introduces two parameters
into the fragmentation picture. The relative probabilities
of ¢g pairs being produced from vacuum are taken to be
y:y:1—2y for uit,dd,s5 pairs. The fraction of pseudosca-
lar mesons to pseudoscalar and vector mesons produced
is denoted by the fraction P/(P + V) (Ref. 5). Thus the
fragmentation functions of light quarks into 71’s turn
out to be’

+
D] (z)=

(vfUA—2)+yF(2)—f(1—2)1} ,
(24)

P
P+V

DI (2)=D7 (z)= AF(z2)—f(1—2)] .

P+’

This picture could easily be extended to take into account
gluon fragmentation.!” The QCD evolution of the frag-
mentation functions was given in (3).

In Table I we have listed the values of C for two forms
of the function f(1—z) that are widely used:’

fl(—z)=1—a +3a(1—2)* with a=0.77,
f(1—z)=(1+d)(1—z)¢ with d=0.7 .

We have taken>®*!2 y =0.4 and>*3 P/(P + V)=1. The
values of C from the two fragmentation models agree'® to
within 7%.

Finally, let us consider+ briefly the number of events
which would measure A Fp at LEP. Assume a sample of
events with a 10° Z bosons. The branching ratio
B(Z —ufi +dd) being nearly 34%, the number of posi-
tively charged pions with z > 0.8 is given by

N™'(z>0.08)=10°X0.34 X (denominator of C)

=10%X0.34X0.017=5780 . (25)

The statistical uncertainty in N ‘"’: is VVN™ ~76. On the
other hand, the difference in N™ between the contribu-
tions from the forward and backward hemispheres is the
number of events leading to the inclusive asymmetry.
This is given by

AFsCN™ (2>0.8)=120 . (26)

Therefore, with a million Z’s, the inclusive asymmetry
would be only a 1.50 effect. In contrast, if the initial
sample contains 10’Z’s, then N™ and the number of
events leading to the inclusive asymmetry are increased
by a factor of 10, whereas the uncertainty increases only
by a factor 3. Now the asymmetry is a much more
significant (50 ) effect. In case the electrqrn beam is longi-
tudinally polarized (even partially), A7z and hence the
signal for the inclusive asymmetry is increased tremen-
dously by virtue of (20). Then it is likely to become a pre-
cision measurement. From Table I we note that the
correction factor C, defined in (22), can be determined
only up to about an accuracy of 10% due to the theoreti-
cal uncertainty in D] (z). The uncertainty in C can be
reduced by integrating over z from 0.9 to 1, instead of
from 0.8 to 1. Though this reduces the data sample and
increases the relative statistical error to the point of over-
coming the signal for a million Z’s and an unpolarized
beam, such a procedure is likely to yield dividends if data
are accumulated for long periods to collect many more
Z’s and using a longitudinally polarized beam.

To conclude, in this article we have pointed out a
direct, parametrization-independent way of measuring
fragmentation functions of light quarks into various
mesons. For 7’s and p’s the method is quite clean and
makes only a mild assumption about higher-rank frag-
mentation functions. For K’s one needs to make an addi-
tional assumption on the relative production of s3 and u#z
pairs from the vacuum. We have also highlighted a new
way of extracting information on the chiral couplings of
the Z boson to light quarks, using the inclusive forward-
backward asymmetry in meson production. This asym-
metry, in the limit when the meson energy approaches
the beam energy, becomes independent of strong interac-
tions. In that sense it is somewhat on par with the
famous lim, _ F$"(x)/F%P(x) ratio and calls for a similar
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TABLE 1. The values of the correction factor C for various fragmentation functions.

f(1—2z2) Numerator of C Denominator of C (o
0.23+2.31(1—2z)? 0.014 0.017 0.82
1.7(1—2)%7 0.015 0.017 0.88

experimental effort as has been directed to the latter. The
combination of light quark chiral couplings probed by
our method is different from those studied in deep-
inelastic v and ¥ scattering off isoscalar nuclear targets.

This work was germinated during the Workshop on

High Energy Physics Phenomenology held at the Tata
Institute of Fundamental Research, with the bulk of the
support from the Department of Science and Technology,
Government of India. We are grateful to G. Altarelli for
much encouragement as well as many suggestions and
thank T. Bhattacharya, R. Godbole, H. Haber, D. P.
Roy, and A. Sen for useful discussions.

IB. W. Lynn, M. E. Peskin, and R. G. Stuart, in Physics at LEP,
LEP Jamboree, Geneva, Switzerland, 1985, edited by J. Ellis
and R. D. Peccei (CERN Yellow Report No. 86-02, Geneva,
1986), p. 90; M. L. Swartz, in Looking Beyond the Z, proceed-
ings of the SLAC Summer Institute on Particle Physics, Stan-
ford, California, 1987, edited by Eileen C. Brennan (SLAC
Report No. 328, Stanford, 1988).

ZM. Cvetic and B. W. Lynn, Phys. Rev. D 35, 51 (1987); F.
Boudjema, F. M. Renard, and C. Verzegnassi, Nucl. Phys.
B314, 301 (1989).

3S. L. Wu, in Lepton and Photon Interactions, proceedings of the
International Symposium on Lepton and Photon Interactions
at High Energies, Hamburg, West Germany, 1987, edited by
W. Bartel and R. Riickl [Nucl. Phys. B (Proc. Suppl.) 3, 39
(1987)]; P. Langacker, in Proceedings of XXIV International
Conference on High Energy Physics, Munich, West Germany,
1985, edited by R. Kotthaus and J. H. Kiihn (Springer, Ber-
lin, 1988), p. 190.

4The earliest treatment of this reaction in the literature may be
found in J. Pestieau and P. Roy, Phys. Lett. 30B, 483 (1969).

5p. Mittig, Phys. Rep. 177, 141 (1989).

%The EMC Collaboration [M. Arneodo et al., Nucl. Phys.
B321, 541 (1989)] has identified #*, K*, and p, p in the
momentum range 600-80 GeV and has obtained data on
fragmentation functions for values of z up to 0.8.

"The forward-backward asymmetry in the reaction
ete™ —*“particle” + anything, was considered in F. M. Re-
nard and C. Verzegnassi, Phys. Lett. B 178, 289 (1986), but

the “particle” there was a quark, antiquark, or gluon. In-
clusive forward-backward asymmetry with a meson was con-
sidered in R. W. Brown, D. Sahdev, and K. O. Mikaelian,
Phys. Rev. Lett. 43, 1069 (1979), for quark scattering in ha-
dronic collisions in terms of interference between single and
double gluon exchanges.

8G. Altarelli, Phys. Rep. 81, 1 (1982).

9R. D. Field and R. P. Feynman, Nucl. Phys. B136, 1 (1978).

10B. Andersson et al., Phys. Rep. 97, 31 (1983).

1A simple and clear discussion on fragmentation functions is
given in Ref. 11.

IZEMC Collaboration (Ref. 6).

13 Ames-Bologna-CERN-Dortumund-Heidelberg-Warsaw  Col-
laboration, A. Breakstone et al., Z. Phys. C 43, 185 (1989).

14U. Amaldi et al., Phys. Rev. D 36, 1385 (1987).

15Swartz (Ref. 1).

16See the discussion in C. Quigg, Gauge Theories of Strong,
Weak and  Electromagnetic  Interactions  (Benjamin-
Cummings, Reading, MA, 1983), Chap. 7, Sec. 3. Note, espe-
cially, the graph in Fig. 7.8 on p. 173.

17p, Hoyer et al., Nucl. Phys. B161, 349 (1979); A. Ali et al.,
Phys. Lett. 93B, 155 (1980).

18We have not considered the cluster models of T. Gottschalk,
Nucl. Phys. B214, 201 (1983); G. Marchesini and B. R.
Webber, ibid. B238, 1 (1984); B. R. Webber, ibid. B238, 492
(1984), because the simplest versions of these models do not
reproduce the experimental results (Ref. 5) well at high z.



