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Using the standard model of electroweak interactions and the Field-Feynrnan model for
quark fragmentation we estimate the observable asymmetries of the jet-axis angular distri-

bution in e+e annihilation in the PETRA-PEP energy region. To do this, rules for the

selection of quark versus antiquark jets according to final hadronic channel are proposed.
These rules are characterized by a calculable parameter that gives a quantitative measure

of relative merit of the various channels. A particularly promising method of identifying

jet flavor involves prompt leptons from heavy-quark decays. We also discuss the depen-

dence of the observable effects on the fragmentation-model parameters and some experi-

mental cuts. The jet asymmetries are compared with muonic asymmetries for energies of
30, 50, and 70 GeV.

I. INTRODUCTION

The tests of the standard model of electroweak
interactions are generally believed to be one of the
main goals of the experiments on PETRA and
PEP storage rings. The most easily measurable ex-
perimental quantities in this class seem to be the
angular asymmetries of either leptonic or hadronic
final states. The latter are not as clearly defined,
both theoretically and experimentally, as the form-
er, but provide an independent test of quark cou-
plings to a neutral heavy boson and are physically
equally interesting.

In a recent paper' we have proposed a simple
formalism connecting the electroweak production
asymmetries of quarks in high-energy e+e an-

nihilation with the observable asymmetries of ha-
dronic jets. All information obtained from the
quark-fragmentation model was represented by a
set of easily calculable parameters, which for the
jet of type k and flavor i were called co;. The
physical interpretation of cu; is straightforward: it
is the probability that the quark of flavor i wi11

fragment into a jet of type k. It is the aim of this

paper to give the estimates of the magnitudes of
the ~; probabilities and hence the experimentally
observable jet asymmetries for various types of jets.

Since the largest existing e+e storage rings,
PETRA and PEP, suffer from serious luminosity
problems and the experiments anticipated there
may have quite low statistics, it is crucial that a
universal criterion be established to compare the

practical measurability of various types of jets.
Such a criterion should take into account the mag-
nitude of measurable asymmetry simultaneously
with the statistical efficiency and experimental ac-
ceptance of all final-state channels. We introduce
a useful parameter directly calculable from the
model and incorporating all aforementioned re-

quirements. This parameter is used later in the
search for the hadronic channel most suitable to
observe the electroweak asymmetries.

The idea of measuring the weak couplings of
quarks through asymmetries of hadronic jets is not
new; in particular, several papers have been re-

cently devoted to the investigation of its experi-
mental feasibility. When compared with the
experimentally clean channel e+e ~p+p, ha-
dronic jets have two obvious advantages: (i) The
quark production asymmetries, inversely propor-
tional to quark charges, are, at PETRA-PEP ener-

gies, 1.5 (u, c) or 3.0 (d, s, b) times larger than
muonic asymmetry. (ii) Hadronic events are more
copiously produced than p+p by a factor
R =3.67 [for five flavors without QCD correc-
tions]. Unfortunately, the advantages of these two
helpful factors are in general overshadowed by the
enormous smearing effects of several experimental
difficulties. The worst ones are (a) the lack of
means to identify unambiguously the quark and
antiquark jets, e.g., from particle distribution, on
an event-by-event basis; (b) low experimental accep-
tance of detectors and problems with particle iden-
tification of leptons, pions, and kaons at high ener-
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gies; (c) uncertainties in measured jet-axis direction,
partially due to unobserved neutral particles and
partially due to three-jet events from hard-gluon
emission, etc. Most of the simple estimates of the
magnitude of observable jet asymmetries are of the
order of 1 —4% at the center-of-mass energy
~s =30 GeV. This might be classified as un-
measurably small in view of present poor experi-
mental statistics. On the other hand, it is possible
to find a clean sample of jets with much higher
asymmetry of the order of 10—20%. Unfor-
tunately, such events are extremely scarcely pro-
duced and it may take years to collect a statistical-
ly significant sample. It is the purpose of this pa-
per to investigate the interplay of these various fac-
tors to find the most convenient and suitable ha-
dronic channels for the purpose of measuring the
electroweak asymmetries.

Despite the fact that the subject of jet.asym-
metries has been covered quite extensively in the
literature, we feel that the present approach in-

troduces at least three significant features. First,
we establish in a quantitative way a statistical cri-
terion which allows for critical reevaluation of pre-
vious proposals. It shows that sometimes the ap-
parent advantage of large asymmetries in certain
channels may be misleading due to their low sta-
tistical efficiency. Second, unlike most of the oth-
er authors, we concentrate on asymmetries of the
thrust jet axis (not particular hadrons), using the
hadronization products for flavor identification
only. In particular, we give a general discussion of
determination of the asymmetries of one- and
two-leading-particles jets. Finally, having found
that the unique identification of heavy flavors may
turn out to be crucial for our purposes, we investi-

gate the application of our recent observation that
the prompt electrons with a large momentum com-
ponent perpendicular to the jet axis give a. very
clean signal for bottom-quark production. Actual-

ly, this seems to be the most promising channel to
measure the quark asymmetries in the future.

Although in our analysis of various hadronic
channels we tried to cover all the interesting final
states, our paper is not intended to be a general re-
view of jet asymmetries. We would like to apolo-
gize to the authors whose work has been omitted
from our reference list, which could be called at
best incomplete.

The paper is organized as follows. In Sec. II we
introduce our notation, define various types of jets,
and derive the statistical criterion of measurability
of asymmetries. The formulas for one- and two-

leading-particle jet asymmetries are derived in Sec.
III, based on the notion of the rank-violation pro-
babilities, discussed in the Appendix. Section IV is
devoted to the discussion of the dependence of our
results on various fragmentation parameters. The
search for optimal types of jets using our criterion
from Sec. II is performed in Sec. V. Finally, in
Sec. VI, we give the summary of our paper and
some general conclusions.

II. STATISTICAL CRITERION
OF MEASURABILITY

As our considerations in this paper require the
introduction of large numbers of parameters and
symbols, we first give a review of our notation. In
Table I we present a catalog of jets. In Sec. II B
we derive our criterion.

A. Notation

We use the following notation.
o.

~ ——total hadronic cross section for e+e
~ hadrons.

L = integrated luminosity.
N = total number of hadronic events at a given

center-of-mass energy +s. Obviously N =o'sL.
k is an index enumerating various types of jets.

The definition of "jet type" is quite general; it may
involve any quantum numbers or kinematical
characteristics of one or more particles in a jet,
e.g., "jets with leading m+ of momentum p~~)0.3~s", where p~~ is the momentum component
along the jet axis. In particular, we will use k =p

, to denote the reaction e+e ~p+p
i j,l,p, r are flavor indices ( =u, d, s,c,b); for sim-

plicity we will also denote j =p in case of the reac-
tion e+e ~p+p .

Nk = total number of jets of type k (note that it
is possible to have two type-k jets in a single
event).

obs is a superscript meaning "observed".
8 and I' are subscripts meaning "backward" and

"forward" with respect to the electron beam. , e.g.,
Nk"z denotes the number of observed jets of type k
in the forward hemisphere.

gk ——Xk/X = theoretical efficiency of jets of
type k (depending on the production and fragmen-
tation only).

ek ——Nk '/Nk ——experimental acceptance of jets
of type k (depending on detector only, includes
identification of particles, geometric acceptance of
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TABLE I. Catalog of jets.

Name Abbreviation Symbol k Definition

One-leading-particle
jet

1LP Jet with leading particle a

Two-leading-particles

jet
2LP a, b Jet with leading particle a

and second leading b

Nonleading heavy-
flavor jet

NLH NL, a Jet with a heavy meson a (D or B)
produced with arbitrary momentum

Alternating jet ALT a/b Jet with either a or b leading
particles (may be also used with
nonleading)

Correlated jets COR a-b Event with two jets with a
particle leading in one jet
and b particle leading in the
opposite one

Large-k j jets kj Jet with an electron of kj yk&

apparatus, etc.).
Ak '=(Nk+ NI', s)l(N—k F'+Nk ~)= experimen-

tally observed global jet asymmetry for type-k jets,
as defined in Ref. 1.

= experimental error in asymmetry mea-ObS

surement.
m =HI', '/&4k ' is a parameter defining the pre-

cision of measurement in terms of standard devia-
tions.

nk (I.k ) = total number of hadronic events (in-

tegrated luminosity) required to observe the asym-

metry in channel k at the level of m standard devi-

ations.
ro; (co; ) = probability that quark (antiquark) of

flavor i will fragment into a jet of type k.
o; = total production cross section of quarks of

flavor I'..
y; =o.;/o. I, ——production rate of flavor i.
g; = probability of exciting q;q; pair out of the

sea in fragmentation model (note that this parame-
ter is denoted y; in Ref. 7).

a, P are indices enumerating ranks of particles in
Field-Feynman (FF) fragmentation model (see Fig.
5).

I'
p
——probability that a particle of rank a is

leading in a jet, and a particle of rank 13 is second
leading.

&~ =g&+~ P~~ ——probability that a particle of

rank a is leading in a jet.
A; = production asymmetry of quark q; (see Ref.

1).
kq ——lepton momentum component perpendicu-

lar to jet axis in the laboratory frame.

B. Derivation of the statistical
parameter Pk

g Obs
k

~ Obs
= fPl

k

(2.1)

(For example, if m =5 we ask for a 2'Fo precision
when measuring a 10/o effect and a 4%%uo precision
will be required for a 20% effect. )

2. As a basic quantity allowing for direct com-

In the present situation when we have to investi-

gate small effects by means of low-statistics experi-
rnents, it is crucial to find a way to make compar-
isons of the various hadronic channels which may
differ from each other by orders of magnitude in

asymmetry and statistics. To derive a reasonably
general criterion we make the following assump-
tions.

1. In all channels (enumerated by k) we ask for
the same relative size of the measured effect in
terms of standard deviations:
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parison of feasibility of various channels, we take
nk to be the total number of produced hadronic
events required to observe the asymmetry at the
precision level defined by m. Obviously, the small-
er nk is, the more suitable the channel k will be.

3. Only statistical errors are taken into account.
4. Only an effective global detector acceptance

(ek) is included without considering any detailed
angular dependence.

The last two assumptions, adopted for the sake
of generality, may be appropriately modified by the
interested experimental groups.

A straightforward calculation shows that from
these assumptions follows the formula

(+ obs) 2] ] /2~ obs (2.2a)
(~obs

)
1/2

The constant factor [2 in (2.2b)] depends strongly
on the technical details of statistical hypothesis one
assumes in this estimate but it will be of no conse-
quence in what follows. Assuming an equality in

Eq. (2.2b) and using symbols defined in Sec. II A,
we get from Eq. (2.1)

2
obs 2ftl m+k = —b =ek Qknk

(&k ')

Hence

(2.3)

from which we get a conservative upper limit of
statistical experimental error

1/2
obs (2.2b)

ri„(/f „' ')
-obs 2

nk(/fk )

(2.7)

(From the definitions of Sec. II A, it follows that

g„=1/8, where 8 =ok/o„)In .the following,
when investigating a given type of jets, e.g., k, we

always calculate three relevant quantities: Ak ',
describing the size of observed asymmetry, gk, re-

flecting the frequency of occurrence of this type of
event, and most important, I'k, telling us directly
how much accelerator time is needed to observe
the effect under consideration with the required
precision.

To complete this section, let us quote after Ref.
1 the formulas for gk and Ak

'
expressed in terms

of quark production rates (y;), asymmetries (A;),
and fragmentation probabilities (co; )

k —k
7)k = g QJ ( COJ +CO) ),

J
(2.8)

Ak
' —— g y,A;(CO,

"—CO; ) .
Ik g

(2.9)

Note that for simplicity we assumed in (2.8) that
the events with k-type jets on both sides are ac-
cepted. The change in the formula given in Ref. 1

is minor and numerically negligible. From these
two equations it follows that

where ez is the experimental acceptance of muons.
The quantity I'k is a measure of the relative merit
of the hadronic channel and the p channel. For
best measurability it should be minimized. Clearly,
we can write

m 2m 2

~k =
k)k(~k

2'
k obs g

~k&knk(~k )

(2.4)

(2.5)

+ l'J'"J +~J)k —k .

J2I'k ——y„Ap

g );A;(co; —co; )
k k

(2.10)

The last two quantities depend on m, which can
change from experiment to experiment. To find a
more objective measure and to represent all
theoretical information as simply as possible, e.g.,
in terms of one (model-dependent) parameter, we

introduce a statistical quantity I'k defined by
means of the ratio of integrated luminosities

Le+e ~jetk

Le+e — p+p

(2.6)

ekL
m

epL p

(for definitions of symbols see Sec. II A).

III. ASYMMETRIES FOR
LEADING-PARTICI. E JETS

In order to calculate the quantities given by Eqs.
(2.8) —(2.10), we have to know three sets of param-
eters (A;, y;, and co; ) for all flavors (u, d, s, c,b).
Following Ref. 1 we assume factorization of the
production and the fragmentation processes and
use y s and A s calculated there in lowest order of
perturbation theory of the standard electroweak
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,q, Ks'" ~ q K0 o ~ o o

CO) =s (3.1)

and it follows immediately from (2.9) that

obs
o o o~ » Ks." (3.2)

(Note that this is not true for D or B, where D
D and B Bmixing is pres-umably small. )

Hence, we exclude from our considerations the
light neutral particles, avoiding a11 flavor mixing
problems.

3. To get rid of the unnecessary complications
connected with the production and the subsequent
decay of vector mesons, we introduce a cut in the
variable z =2p ~~'

"'"/v s. As the data seem to in-
dicate, a cut which restricts data to z y 0.3 elim-
inates most of the vector-meson contributions.
Since the production cross section for vector
mesons and pseudoscalar mesons are about the

model, including y and Z exchange diagrams.
Corrections to these values will be briefly discussed
in Sec. VI. We devote this section to the deriva-
tion of probabilities co; in the general case of jets
defined by one leading particle (1LP) and two lead-

ing particles (2LP).
So far no satisfactory furidamental theory of

quark-fragmentation processes has been found;
however, the FF model has been quite successful
in reproducing the main trends in the data and,
with some modifications, is commonly accepted as
the best tool to simulate quark fragmentation by
means of the Monte Carlo method. Most of the
experimental groups working on jets have at their
disposal a detailed FF Monte Carlo program and
can readily calculate the co s. Here we shall con-
cern ourselves with the investigation of the sensi-
tivity of co s to the variation of FF parameters;
therefore, a full Monte Carlo simulation is un-

necessary. Below, we list the ingredients of the FF
model which are irrelevant for our purposes and
hence may be omitted from our simplified version
of this model.

1. If we define the leading particle as the parti-
cle with the largest momentum component along
the jet axis, all distributions in the plane perpendic-
ular to the jet axis (primordial pz distribution) be-

come unimportant for our results.
2. Since the light neutra1 particles, such as m,

rj, Ks, consist of an equal admixture of quarks
and antiquarks of the same flavor, the following
symmetry relation is satisfied:

same, ' the above cut means that a common factor
0.5 is to multiply all the co's for the light quarks.
This does not change asymmetries but doubles the
v'alue of the Pk parameter.

With all these simplifications, the FF model is
simplified to contain two unknown parameters.
The first one governs the flavor dependence reflect-
ed in the values of (;, the probabilities of qq pairs
of various flavors being excited out of the sea
(denoted y; in Ref. 7). Due to the symmetry of u

and d quarks and negligible production of heavy
flavors, just one parameter g, defines the whole

set,

(„=gd= —,(1 —g, ), g, =gb=0. (3 3)

The other parameter a controls the dynamics of
the fragmentation process via the FF function

f (x)= 1 —a +3a (1—x) (3.4)

where x =p~~' "'"/p„«„k and f(x) represents the
probability density that the quark emits a meson
with momentum xpqU+rk along the jet axis. In
principle, one could take different f functions for
light and heavy quarks, especially in view of strong
theoretical arguments that the heavier the quark
the harder its fragmentation function. ' However,
as will be shown in Sec. V, for heavy flavors the
assumption that the particle is "leading" does not
play any role. The observation of a heavy meson
(B or D) gives sufficient evidence for heavy-flavor
quark production in primary process, independent-

ly of kinematical characteristics of this meson.
Hence, we keep the flavor-independent fragmenta-
tion function for illustration purposes.

To gain some physical insight into the fragmen-
tation process, instead of using parameter a direct-
ly in the calculation of the co s, we introduce a
concept of rank-violation probabilities P and P ~.
The P~ is for 1LP jets and the P~p for 2LP jets,
where a and P enumerate the ranks of particles
emitted in the cascade (see Sec. II A for defini-
tions). Obviously, P ~0 for large values of a.
The harder the f(x) is (smaller a), the faster P
decreases with a and the more pronounced the ef-

fect of leading particles would be. In principle,
one may calculate P~ and P~p parameters analyti-

cally but in practice this would be too complicated
to be useful. We have calculated them by means

of a Monte Carlo program and the results, together

with rather complicated formulas for co s are

presented in the Appendix, Eqs. (A3) —(A7').
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IV. PARAMETER DEPENDENCE
OF ASYMMETRIES AND STATISTICS

aFF =0.88, g,""=0.20 . (4.1)

Recent fits of PETRA data lead to a somewhat
harder spectrum of hadrons:

a, + ——0.55, (4.2)

but the other parameter was kept fixed at the FF
value. On the other hand, from the ratio of
strange to nonstrange particles in neutrino data
the value of

+=0.12 (4.3)

As follows from the previous section, we have
three unknown fragmentation parameters for 1I.P
jets, g„a, and the cut in variable z which we will
call z&. Their values may be found from one-
particle inclusive distributions in e+e or neutrino
data. Unfortunately, different experimental groups
seem to adopt different approaches and a good fit
of these parameters is still lacking. Originally,
Field and Feynman used values

the other hand, the large value of g„and gd make
pions easy to produce from any quark.

The best illustration of an intermediate situation
is provided by K production, where the outcome of
the cancellations depends in a crucial way on
parameter g, .

In Fig. 1 we present the 3&+ and P&+ depen-

dence on g, (solid lines; the meaning of the dashed
lines will be given in Sec. V). It turns out that for
g, =0.2 the asymmetry is almost exactly zero,
whereas for g, =0.12 it increases substantially to
2%. The conclusion is quite obvious: the results
are very sensitive to this parameter and it is crucial
to measure its value with high accuracy. In partic-
ular, if (,=0.2 is the correct value, kaons are to-
tally useless for measuring the electroweak effect
and this conclusion may hold for a wide range of
energies under the Z mass. On the other hand, if
g, is closer to 0.12, kaons will give a much larger
asymmetry than pions which may turn out to be
relevant for the study of Z resonance. (Note that
the pion asymmetry is not sensitive to g, variation:
for 0.1 & g, & 0.2, A '+ varies from 1.4 to 1.5%
only. )

has been inferred but the fits were obtained by
keeping the parameter a fixed at the FF value. As
for the third parameter z &, a value of —, will be
used. This value should be sufficient to get rid of
resonance effect. Recently, however, much larger
values were suggested as a means to increase the
asymmetries (the rank violation drops with the in-

creasing momentum and hence the identification of
quarks improves).

In view of these large uncertainties, rather than
predict some specific magnitudes of the observable
asymmetries, we will first determine how sensitive
the jet asymmetries are to the variation of these
parameters.

C) +o ~ 10.0

8.0

6.0

' A

600

300

200

A. The parameter g,

Since the values of co; and ~; are in general
comparable, it is clear from Eq. (2.9) that the large
cancellations may occur in Ak '. The final result
depends strongly on two competing mechanisms.
If the large rank violation occurs (see the Appen-
dix) it enhances the co's for nonvalence quarks of
the leading particle with respect to those of its
valence quarks. However, this effect may be wiped
out by the small value of g;. For instance, no rank
violation may lead to substantial production of D
mesons from a quark because g, is negligible. On

100

0. 12 0.14 0.16 0.18 0.20
4s

FIG. 1. The dependence of the observable asymmetry
of leading E+ jets and of the statistical parameter P +
on the parameter g, . The left-hand scale refers to asym-
metries and the right-hand scale to statistical parame-
ters. Solid lines correspond to the case of K+ 1LP jets,
the dashed ones to COR E+-E jets. Other parameters
assumed a + ——0.55 and z& ———.

3
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B. The parameter a, the hardness
of the particle spectra

As it could be qualitatively expected, this
parameter does not play a dominant role in our re-

sults. In the Appendix we illustrate the influence
of a on the values of rank-violation probabilities,
in Tables VI and VII. Although this influence is
quite visible, it does not change P very much. In
Fig. 2 we present the A'+ and P + dependence on

a. Clearly, the harder the spectrum is (the smaller
the value a), the more pronounced the asymmetries
are, but no dramatic dependence is expected.

C. The momentum cut z~
0

40

o 0

-3.0 75

It is a general rule that the larger the momen-
tum cut z~, the faster the rank-violation proba-
bilities tend to zero with growing rank index.
Hence, in the case of large z

&
the probability co,".

for valence quarks should dominate, the amount of
cancellation should be reduced, and one could ex-

pect to obtain a growing value of observable asym-
metries. This fact has been used recently to pro-
pose the measurements of electroweak jet asym-
metries using jets with very fast leading particles
on both sides. However, some caution seems

advisable for experimentalists here. Although
asymmetries clearly increase (sometimes by a fac-
tor of 3}, there is a tremendous drop in statistics
which, unfortunately, more than compensates the
gain in the value of the asymmetry. This situation
is illustrated in Figs. 3(a) —3(c) (solid lines). In
Fig. 3(a) we show the asymmetry of sr+ 1LP jets
corresponding to FF parameters (4.1}. The same
quantity for fitted values (4.2) and (4.3) is present-
ed in Fig. 3(b}. Analogous results for K+ 1LP jets
are given in Fig. 3(c). It follows consistently from
all these cases that the values of Pk show fast in-
creases for z»0.4. In other words, in trying to
increase the size of asymmetries, we have to in-
crease the time of data sampling. Although attrac-
tive, this method does not seem to be very practical
for the next generation of experiments. "

D. Angular acceptance

Although this is not an unknown dynamical
parameter, the technical problem of limited angu-
lar acceptance wi11 occur in every experiment. On
the one hand, the quark production cross section
shows' that the asymmetry is more pronounced in
a small region around forward and backward direc-
tion than at large angles and one may be tempted
to optimize global asymmetry by limiting the range
of integration to these regions. On the other hand,
the higher-order QED effects, ' substantial in the
forward and the backward directions, may give an
argument for leaving out exactly those regions and
integrating over the rest of the phase space. Be-
low, we present the discussion of both possibilities.

Let us denote by A (0,„) and A
'
(0~;„) the fol-

lowing quark production asymmetries:

o;(0,0,„)—cr;(rc —0,„,m. )
A (0,.„)=

cr; (0,0,„)+cr;(vr 0,„,rc)—
-2.0

-t.o—

50

—25

(4.4)

cr; (0;„,m /2) cr; (rr/2, m —0;„)—
cr;(0;„,m/2)+cr;(rr/2, m 0;„) '—

(4.&)

0.2 0.4 0.6

~ FF

0.8 I.O

where the integrated cross section for the produc-
tion of quark of flavor i in a limited angular range
0& &0&oz is

FIG. 2. The dependence of asymmetry and statistical
parameter of leading m+ jets on parameter a. Scales as
in Fig. 1. Other parameters assumed fixed (,=0.2,

0
Z] = ~

cos82 do .
cr;(0„0z)—= e d(cos0) .

d cos0
(4.6)

The expressions for do;/d (cos0) including the
quark mass effects may be found in Refs. l and 6.
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(o)

—250

(b)
-' 500
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-3 0—
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—
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0~O

~+
O
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I

I
I
I
I
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I
I
I

I
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I
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—400

—IOO
—200

- I.O—
—50

-2.0— —100

I

0.2
I

0.4
I

0.6
!

0.8

Ji

I2.0—

I.O I

0.2

Ji

hC

CL

I

0.4
ZI

I

0.6
I

0.8 I.O

IO.O—

/

r
/

r

/
r

8.0—
4

0

—400

+0 a

6.0— -300

4.0—

2.0— —IOO

I

0.2
I

0.6
I

O.S I.O

FIG. 3. The dependence of asymmetry and statistical parameter on the momentum cut of leading particle, z ~, for:
(a) m+ 1LP jets with g, =0.2, aFF ——0.88; (b) n+ 1LP jets with g, =0.12, a +

——0.55; (c) E+ 1LP jets with g, =0.12,

a + ——0.55. Notation is the same as in Fig. 1.e+e

In what follows we will neglect the small mass ef-
fects. The integration region in the case of Eq.
(4.4) is depicted in Fig. 4(a) and for Eq. (4.5) in

Fig. 4(b) (shaded area in the inserts). It follows /I, =3'(vr/2) =2 "(0) . (4.7)

immediately from the definitions' that in the case
of full angular acceptance they all coincide:
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To separate this effect from all other dynamical ef-

fects, instead of using directly the values of A' and
A" or corresponding parameters Pk(0,„) and
Pk'(0;„), we introduce the (flavor-independent) ra-
tios

A (0,„)g'(0,„)=

1+cos8 „
1+ 4 cos8 „+—, cos 8 „
A '(0;„)

g"(0;„)=-
A;

4cos8;„
3+cos 8;„

(4.8)

(4.9)
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Since functions (4.8) and (4.9) are flavor indepen-
dent (except for negligible mass effects), it follows
from linearity of relations (2.8)—(2.10) that they

also represent the relative observable asymmetry,
e.g.,

I.O

8.0

7.0

6.0

5.0
Ak '(0,„)f'( 0max ) = -oba~i' ' (4.12) 0.8

0.6

4.0

3.0
The shapes of the functions g', g", r', and r" are
presented in Figs. 4(a) and 4(b). It is interesting,
although with no practical consequences, that
r'(0,„) has a minimum at 0,„=77'. Unfor-
tunately, by choosing this optimal value we can
only gain about 8% in total luminosity. The
asymmetry may be enhanced at most by a factor of

3
but this causes a drop in efficiency and worsens

the statistical parameter Pk. As for the comple-
mentary approach, it follows from Fig. 4(b) that
the statistical loss due to cutting out the QED-
dominated regions should not be too serious. For
0;„=20' (Ref. 5) we get a loss in luminosity of
17% and for 30 of 44%%uo.

0.4 2.0

0.2 I.O

IO' 20 30 40 50 60 70 80
ernin

FIG. 4. The dependence of relative asymmetries and
relative statistical parameters on the angular cuts (a) in
the case when jets are accepted only in the forward and
backward cones; (b) in the case when jets are accepted
everywhere but in the forward and backward cones.
The inserts illustrate the geometric acceptance of detec-
tors.
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V. OPTIMIZATION OF ASYMMETRIES
AND STATISTICS

The solid curves in Figs. 1 —3 show that the
1LP jets in the case of light flavors (n, E).lead to
very small observable effects, of the order of
1 —3% at v s =30 GeV. This is in strong con-
trast to the large quark production asymmetries, '

10% (u, c) and 20% (d, s, b) at this energy. Obvi-

ously, using simple criteria such as 1LP, we allow
for too much smearing. In this section we will re-
view some of the more obvious selections of events
that may lead to an improvement of quark identifi-
cation on an event-by-event basis and, hence, in-

crease the observable asymmetry.
In analyzing various particles in the final state it

is necessary to treat the cases of light (u, d, s) and

heavy (c,b) quarks separately. There are two basic
differences between them. First, the values of g,
and gb ale negligible ln comparison with g„, gy,
and g, . For our calculations we took g, =gb
=10 to account for a very low charm produc-
tion in neutrino data but the actual values have no
practical importance for our results as long as they
are more than an order of magnitude smaller than
those of the light quarks. ' This means that unlike
the case of light Aavors where pions and kaons
may be fragmentation product of any quark as a
result of materialization of color vacuum polariza-
tion, an observation of heavy-flavored meson is a
clear indication of the production of its heavy
valence quark. Unfortunately, under ordinary cir-
cumstances the heavy mesons are extremely diffi-
cult to identify on an event-by-event basis. ' It is
interesting to check whether some improvement in
heavy-flavor identification may allow it to compete
with a much easier detectable, but also much more
symmetrically distributed light flavors. Below we
consider separately the cases of light and heavy
quarks.

A. Mesons and quarks of light Aavors

In our search for a mechanism to increase the jet
asymmetries we shall follow the approach suggest-
ed in Ref. 1—reduce all the co s but one to
minimalize the cancellations. An unavoidable by-

product of this procedure is some reduction in the
number of events in a data sample. It is then the
role of Pk parameter to tell us whether our method
is practical or not. We will not try to give here an
overview of all possible jet-selection criteria. For

the sake of illustration, we shall use three such cri-
teria: 2LP jets, alternating 1LP (ALT) jets, and
correlated (COR) jets (for definitions see Table I).

(a) Turbo lead-ing-particlejets. This seems to be
an obvious choice for the purpose of increasing the
contribution of a given quark in comparison with

all the others. If the rank violation were negligible
we would have the inequalities

~+ ~+ ~+ —~'
u ~~d && ~i~u ~i~d (5.1)

or

g+ K+ j;+ K+
COu ~&us &&COl@u~l~s ~ (5.2)

so that the leading particles would tend to include

the parent quarks. Then, by tagging the second

leading particle, we would be able to distinguish
between the two otherwise comparable probabili-
ties. For instance, the following inequa1ities might
be naively expected to hold:

(5.3)

or

(5.4)

since the co's in the left-hand side involve no rank
violation and those in the right-hand side do, as il-

lustrated in Fig. 5. As it turns out, however, the
contribution of the rank-violation effect is substan-

tial (see the Appendix) and this effect above cannot
compensate for the suppression due to the presence
of additional factors of g, (e.g. , contrary to naive

~+,K — ~+,K—
expectations to,

" ' &cod
'

) or production rate

y; which adds weight to u quarks. In many cases
approximate estimates of asymmetries using rank
violation only tend to be misleading.

In Table II we give the comparison of 1LP and

2LP jets in the case of parameters values a +
=0.55, $, =0.12, z~ ——0.33, z2 ——0.20. Although
the detailed results depend on the parameters, two
conclusions are general: (i) In all cases the addi-

tion of another particle increases the asymmetry
(sometimes by a factor of 3). (ii) The gain in

asymmetry is not large enough to compensate for
the loss in statistics, as is clearly seen from the
values of Pk. This second fact implies that this
method of isolating pure samples by putting more
restrictions on a jet is definitely impractical for
most situations.

(b) Alternating 1LPjets. The spirit of this
method is opposite to the previous one, it should

smear asymmetries and increase statistics. The
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FIG. 5. Leading fragmentation diagrams for (a)

, (b) cod ', (c) ~„'",(d) co,
' . The con-

tributions from these diagrams are (a)
~ P]3( gdg (b)

2 Pi2(„g„(c) , P~3(,g—dg» (d)
2 P~2(„gd, respectively

[see Eq. (A6)).

tu s in the formulas (2.8)—(2.10) should be modi-
fied in an obvious way, e.g., for m+/K+ ALT jets
we get

Particles
identified

Jet
type

-obs
k

(%)
gk

(%)

TABLE II. The comparison of light-flavored-meson

jet asymmetries at &s =30 GeV. The parameters used
for this calculation are a + ——0.55, g, =0.12,

z
&

——0.33, and (for 2LP jets only) z~ ——0.2.

From an experimental point of view, it would be
very desirable to accept pions and kaons of the
same charge together without having to distinguish
between them. Hence, for sr+/K+ ALT jet experi-
mental acceptance ek should increase substantially.
Unfortunately, since m+ and K+ have opposite
signs of asymmetries, their mixture involves a large
amount of smearing. Apart from the experimen-
tal-acceptance effect, the choice of m+/K ALT
jet would seem more suitable, as follows from our
results quoted in Table II. Incidentally, this seems
to be the best result of Table II but one should

keep in mind that it requires very good identifica-
tion of pions and kaons.

(c) Correlated 1LPjets. The only modification
in Eqs. (2.8) —(2.10) consists of replacing each co;

by (co,") . The results are also listed in Table II
and plotted in Figs. 1, 3(b), and 3(c) (dashed lines).
Clearly, in spite of a large gain in asymmetries (in
the case of 1( +-E COR jets almost a factor of 5),
this method is not advisable, as the Pk values
show. Of course, the feasibility of the various
methods will ultimately depend on experimental
details such as detector acceptance and particle
identification.

Finally, one can combine the last two ideas and
investigate 1LP alternating and correlated jets. We
give the results for this case in the last two rows in
Table II. They are rather discouraging too.

1LP —1.41 12.34 51.72

+ 1.94 3.99 84.10
B. Heavy-flavored mesons

and quarks

~+, m.+

~+,~
++,K+
~+ g-
K+,K
g+ ~—

2LP —2.44
—0.27
—0.05
—4.11
—0.13

+ 5.04

0.45 473.8
1.88 917.8
0.14 3.2 X 10
0.32 231.4
0.37 2.0)& 10
0.34 146.0

1LP —2.83
COR + 9.16

1.07 147.4
0.17 90.2

m+/E+-m. -/E- 1LP
m+/E -m /K+ ~ ALT .

. COR.

—1.65
—3.37

1.82 127.6
1.65 67.4

1LP —0.59 16.33 222.6
ALT —1.54 16.33 32.7

In order to illustrate the importance of heavy
flavors for our considerations let us assume for the
sake of discussion that we can identify the D and
8 mesons (generical name for any meson including
c or b and one of the nonstrange quarks) on an
event-by-event basis. Due to negligible values of g,
and gb, the assumption of "leading" is unnecessary
in this case. In Table III we present the compar-
ison of heavy-flavor asymmetries in the case of
1LP nonleading heavy flavors and alternating jets.
Although the results are certainly unrealistic, they
clearly show the potential of heavy flavors if only
we could find an effective method of their identifi-
cation.

Actually, such a method does exist for bottom
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TABLE III. Examples of heavy-meson jet asym-
metries at &s =30 GeV, assuming full identification of
D and B mesons. For 1LP jets the same values of
parameters as in Table II were taken. Note that the
quark-mass effects are not negligible in Ab and A, . It
follows from the calculations in Ref. 1 that at &s =30
GeV we have A„=0.102, Ad ——A, =0.200, A, =0.101,
and Ab =0.178. Das(z) =2z (5.7)

with respect to the parent quark. This number is

quite sensitive to the fragmentation function of B
mesons. In view of theoretical arguments' that
the heavy flavors should have a much harder spec-
trum than the light ones, we consider two different
form s6

Particles
identified

Jet
type

-obs
k

(%}
gk

(%%uo)

(where BS refers to Bjorken and Suzuki) and

DFF(z) =0.45+1.65(1—z) (5.g)

1LP —10.06
+ 17.71

3.38
0.85

3.68
4.73

D+
B+

8+/B /D /D

NLH

NLH
ALT

—10.07
+ 17.77

15.96
4.00

0.78
1.00

+ 11.61 39.93 0.23

mesons. In Ref. 6 we described the idea of identi-

fying 8-mesons production through electrons or
muons with large momentum component perpen-
dicular to the jet axis, k&. For the sake of com-
pleteness let us briefly repeat some of the results
described there. It follows from the discussion in
Ref. 6 that, in an idealized case when one neglects
the smearing due to the experimental jet axis, for
kt p 1.2 GeVic the contamination of bottom sam-

k k~
pie by charm is negligible and only ~b' and cob'

k~
are different from zero. Note thatch is derived
from the number of electrons emitted backward

although we believe the first choice to be closer to
reality. The results based on a kz cut of 1.2
GeV/c are given in Table IV. %e also consider an

obvious improvement of statistics there due to the
inclusion of positrons (with an appropriate change
of definition of forward direction) and muons.

A comparison of Tables II and IV shows that
this should be by far the best available method for
measuring jet asymmetries at the present time.
For a good electron and muon detector it requires

only about three times the luminosity necessary for
e+e ~p+p asymmetries.

To make these numbers more credible, we ap-

plied our method of estimating the jet-axis smear-

ing effect on the charm contamination of the bot-
tom sample described in detail in Ref. 6 and the
new results are presented in the second part of
Table IV. Obviously, this is still only a theoretical
estimate and the final comparison should be done

by experimental groups independently, using indi-

vidual features of their detectors.

TABLE IV. 8-meson jet asymmetries at ~s =30 GeV, calculated based on large-k» 1.2
GeV/c prompt-lepton B identification. Separately considered are the two cases: (i) theoreti-
cally idealized situation neglecting the experimental-jet-axis misidentification effect and {ii)
more realistic situation including this effect by means described in Ref. 6. The charm frag-
mentation function was assumed constant for this calculation. The values of quark asym-
rnetries are as in Table III.

Particles
identified

Jet
type

B fragmentation
function

Jet-axis
smearing

gk
(%)

B /B
B /B

8- /B'/B+ /B
B-/B'/B+/B

kg

kj
ke /e+

kg

FF
BS
BS
BS

Neglected

Neglected

Neglected
Neglected

—11.55
—13.21
—13.21
—13.21

0.54

0.53

1.06
2.12

17.54

13.53

6.77
3.38

B-/B'
B-/B'

B-/B'/B+/B
B-/B'/B+/B

k'
kg

ke /e+

k,'

FF
BS
BS
BS

Included

Included

Included
Included

—8.30 0.58
—10.26 0.68
—10.26 1.36
—10.26 2.72

31.27
17.66
8.83
4.41
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Finally, let us briefly discuss the situation at
higher energies. As is well known, the asym-
metries will grow when the energy gets closer to
the mass of the Z resonance' and the measurabili-

ty of the effects considered here should increase
substantially. Even if the numbers quoted so far
have cast some doubt on the feasibility of this type
of measurement at PETRA or PEP in view of
their luminosity problems, the same effects will be
of major interest for the next generation of ac-
celerators. In Table V we give the comparison of
our best results (most suitable channels for elec-
troweak jet asymmetry measurements) at three en-

ergies, ~s =30, 50, and 70 GeV. All numbers

have been calculated neglecting any possible influ-
ence of a top quark; if it exists and has a threshold
in this energy region, the quoted asymmetry values
should be modified.

One obvious conclusion from Table V is that if
there is any future for quark asymmetry measure-
ments, it is most probably connnected with heavy-
flavor identification. Our method from Ref. 6 al-
ready gives some hope that this effect might even-

tually become observable and we strongly believe
that in the near future other more sophisticated
and more efficient methods will be found that will

lead us ultimately to indirect measurements of
quarks couplings to the neutral heavy boson Z .

TABLE V. The energy dependence of asymmetries and statistics for the best channels
from Tables II and IV. In the case of bottom mesons only BS-fragmentation-function re-

sults are given. Possible top-quark effects and jet-axis smearing are neglected.

Particles

identified

Jet

type

&s
(GeV)

obs
k

(%)
gk

(%)

30
50
70

—6.8
—24. 1

—65.1

27.2
25. 1

13.5

1.00
1.00
1.00

ILP 30
50
70

—1.41
—4.67
—7.27

12.3
)2.3
12.0

51.7
54.0
90.1

1LP 30
50
70

+ 1.94
+ 5.60
+ 5.11

3.99
4.06
4.45

84.1

113.8
491.8

1LP
ALT

30
50
70

—1.54
—4.90
—6.68

16.3
16.3
16.4

327
37.0
78.1

1LP
COR

30
50
70

+ 9.16
+ 26.0
+ 22.4

0.17
0.18
0.24

90.2
119.1
474.5

1LP
ALT
COR

30
50
70

—1.65
—5.70
—9.72

1.82
3.63
3.60

127.6
122.9
168.0

k', '+~1.2
GeV/c

30
50
70

—13.2
—45.3
—34.2

1.06
1.24
2.02

6.77
5.70

2&.19

B-/B'/B+/8' kz &1.2 GeV/c 30
50
70

—13.2
—45.3
—34.2

2.12
2.48
4.04

3.38
2.85

12.09
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VI. SUMMARY AND CONCLUSIONS

Using the standard model of the electroweak in-
teraction in the lowest order and the Field-
Feynman fragmentation model, we have investigat-
ed hadronic-jet angular asymmetries in e+e an-

nihilation, in the energy range 30 to 70 GeV. We
emphasized the practical limitations in calculating
the asymmetry when subject to experimental res-
trictions, such as efficiency and statistics. These,
combined with theoretical estimates, give the real-
istic expectations of the various possible channels
considered by us and by others. The numerical
results should give good indications about the ob-
servable size of the effects and suggest rules for
reasonable jet selection. An objective criterion in
the comparison of various channels allowed us to
eliminate the misleading conceptions in selecting
channels based on previous theoretical considera-
tions. This overindulgence in theoretical con-
siderations often seriously limits the statistics of a
data sample to such an extent that the effect can
never be observed within a reasonable length of
time of data acquisition. Furthermore, this can
also lead to a bias against some channels having
smaller observed asymmetries but turning out more
suitable with all realistic restrictions taken into ac-
count.

In this paper we have concentrated on the
analysis of quark fragmentation, leaving the sim-
plest version of quark production cross section
from Ref. 1 unchanged. In Ref. 1 only the
lowest-order diagrams in quark production are
considered. We feel that we owe the readers some
explanation why we neglect the higher-order QED
and QCD corrections and what are their expected
contributions.

1. Higher-order QED corrections (a and a )

have been analyzed in the literature' for the pro-
cess e+e ~l+l and e+e ~l+l y, where l =e
or p and are known to give substantial contribu-
tions to asymmetries. However, a recent estimate
of these effects in quark production shows that if
one cuts out the forward and backward cones
where their contribution is largest, the remaining
QED asymmetries should be much smaller than
the electroweak ones. Cutting out the curves of
8;„=20,as suggested in Ref. 5, has negligible ef-
fect on our asymmetries, increases the required
luminosity by only 17% [see Fig. 4(b)], and
reduces QED asymmetries to less than 50% of the
electroweak asymmetries. A detailed discussion of
QED including possible quark mass effects will be

deferred to a future publication.
2. Higher-order QCD corrections to quark

asymmetries have been recently calculated in Ref.
15. The main result is that apart from the jet-
axis-misidentification effect, hard gluons give rise
to only a small modification to the asymmetries
which is factorizable and no more than 6% of the
asymmetries calculated in the previous sections.
Hence the QCD modifications of the asymmetry
are certainly smaller than the uncertainties existing
in the first-generation experiments and may be
safely neglected at present.

Our present limited knowledge of fragmentation
processes introduces sizable uncertainties in
theoretical estimates of the observable effects.
However, from the discussions of Secs. IV and V,
several general important conclusions may be
dl awn.

1. The effects of electroweak jet asymmetries
should be observable. A judicious selection of jets
may give us a sample of events with much larger
asymmetry than that of muons. However, as fol-
lows from the numbers listed in Table V, it may
take us quite a long time with the present e+e
luminosities before sufficiently good statistics are
achieved.

2. In no case considered here can quark jets
compete with muons in the feasibility of the asym-
metry experiment. However, some of them come
close to muons (a factor of 3 in our best case) and
it is quite possible that with the discovery of some
new method of heavy-flavor identification they will
become comparable. Even if this test of standard
model should be carried out first in muonic chan-
nel, there is a good deal of interesting physics con-
tained in the hadronic jet asymmetries and they
should be measured.

3. The heavy Qavors, especially bottom, have a
much better chance to be isolated due to their large
mass.

4. Before we try to measure the asymmetries of
jets involving light-fiavored particles only, it is cru-
cial that we know to good precision the value of
the parameter g„e.g. , from one-particle inclusive
data. The asymmetries of jets defined by strange
particles are extremely sensitive to the change of
this parameter.
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the numerical values of matrix P &(z ~ —,
——, z2 ——0)

for a =0.88 (Ref. 7) and a =0.55 (Ref. 9).
Note that in general

P~(z))& QP~p(z), zz)
P

(A2)

and the equality holds only for z2 ——0.
From quantities P~(z} we can now derive the re-

quired probabilities co;. Consider first 1LP jets.
Let particle a consist of quarks qjq~. Then

APPENDIX: RANK-VIOLATION
PROBABILITIES

In principle, the rank-violation probabilities P
and I'~p, defined in Sec. IIA, depend only on

parameter a in Eq. (3.4). However, introducing the
cuts in variable z to avoid problems connected with

leading secondaries (see Sec. III), we have to re-

place P and P ~ by conditional probabilities de-

fined as follows: P (z& ) = probability that the

particle of rank a is leading and has a z &z ~,
'

P~&(z „z2)= probability that the particle of rank
a is leading with z & z

&
and the particle of rank /3

is next to leading with z &zz. Obviously now the
sum of probabilities is not equal to 1,

i)=+i
= —, g C~~ P~(z ) ),

for a&1

or, equivalently,

Ca =~ isiyk+(1 5~, )gqgI—.

(A3)

(A4)

gP (z)=P(z)(1. (A 1)

To give the reader some feeling as to how

strongly these probabilities depend on parameter a
and indices a, P, we present in Tables VI and VII

As discussed in Sec. III, the factor —, in (A3) is re-

sponsible for missing the vector-meson production.
Equations (A4) and (A4') follow in an obvious way
from Feynman-Field cascade fragmentation pic-
ture. Substituting (A4') into (A3), we get

TABLE VI. Rank-violation probabilities.

P~p(z )
———,z2 ——0;a =0.88 }

2 3 4

0
0.086
0.037
0.015
0.006
0.002

0.125
0
0.033
0.013
0.004
0.002

0.082
0.041
0
0.011
0.004
0.002

0.052
0.02S
0.012
0
0.003
0.001

0.030
0.016
0.008
0.004
0
0.001

0.017
0.008
0.004
0.002
0.001
0

P~(z) ——3,a =0.88)
3

0.323 0.182 0.098 0.047 0.019 0.008

P(z) ——3, a =0.88)=0.680
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TABLE VII. Rank-violation probabilities.

P".,(z', =—,',z', =o,a =0.55~

2 3 4

1

2
3
4
5

6

0
0.125
0.046
0.017
0.006
0.002

0.190
0
0.040
0.014
0.004
0.001

0.111
0.051
0
0.011
0.004
0.001

0.063
0.027
0.014
0
0.003
0.001

0.032
0.014
0.008
0.004
0
0.001

0.016
0.006
0.003
0.002
0.001
0

P (z) ———,,a =0.55)
3

0,422 0.227 0.114 0.049 0.018 0.006

P(z~ ———,a =0.55)=0.8361 3 s

or,' = —,5~)giPi(zi)

+ —,kjk[P«i ) —Pi(z i )1 (A5)

notation becomes complicated due to the number
of indices involved. Let particle a consist of
quarks qjqI as before, and particle b, q&q„. Then
the following relations hold:

It follows that for practical purposes we only need
to know two parameters, I' and I'& instead of the
whole I'~ matrix.

The generalization of Eqs. (A3) —(A5) into the
case of 2LP jets is straightforward, although the where

= —, gC'JI"P p(z„z )

a,P
(A6)

0 for a= 1, i+j,
0 for P=l, i+p,
0 for P=a+1, l@p,
0 for u=p+1, jar,

for a=1, P=2, i =j, i =p,
O'I"= gjgi for u=2, P=1, i =p, j =r,

for a= 1, P) 2, i =j,
for P= 1, u) 2, i =p,

gg, g, for p=a+1) 2, i =p,
for a=p+1) 2,j =r,

in all other cases,

(A7)

or, equivalently,

O'JI" =(1—5 p) I 5 i5;J [5pz5(~g(g, +(1 5p2)gigpg„]—
+5pi5p[5 z5J'krak+(1 —5 24jklk. l

+(1—5 1)(1—5pi)[5,p+ 15J'kj4kp+5, p-i5lpkj kk.

+ (1—5,p+i)(1 —5,p-i)KJXiki k. ll (A7')
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Substituting (A7') into (A6), one could derive an
equation analogous to (A5) but it is too complicat-
ed to be of any use for discussion purposes. How-
ever, it seems worthwhile to mention that in this
case the entire information required is given by
seven parameters. These are

P, (z&,z 2)= QP, p(z, ,zz),0 0 0 0

p

Pz(zi, z2)= gP t(zt, zz),

3(z„z2)= g P~p(zl, zz),
a=p+1

P4(zt, zz) = g P~p(z, ,z2),
a=p —1

P(zi, z2)= QP~p(zi, z2),
a, p

(A9)

where the sum in the second term on the right-
hand side runs over all observed hadrons.

and two original matrix elements, P»(z i,z& ) and

P21(z& zz)0 0

In closing, let us point out that the probability
for a quark q to fragment into a 1LP jet with h

&

leading may be written in compact form in terms
of the fragmentation functions for z i ) —, . If

h, h)h~
Dq (z) and Dq (z&,z2) are the single- and two-
particle fragmentation functions, we may write
the probability as

hi & h)
cu;' = Dq'(zt)dzl0

I

1 h)h2—g f, dzi f dz2Dq
' '(zi, z2),

h 2
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