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Retention of quantum numbers by quark and multiquark jets*
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Quantum-number retention in the fragmentation region of a jet is investigated as a means to identify and
classify quark and multiquark systems in lepton- and hadron-induced reactions. We show that a simple
"inside-outside*' cascade model with a causal space-time structure predicts that the mean charge of hadrons
in the jet fragmentation region equals the charge of the parent quark system modulo a universal constant

q& (the mean quark charge of the sea) confirming previous analyses. Specific tests are discussed, including
deep-inelastic neutrino scattering, e +e annihilation with a strongly leading hadron, and massive-lepton-pair
production. We emphasize that the Drell-Yan process could play a crucial role in testing these ideas for
multiquark jets and identifying a possible "hole" fragmentation region. We also discuss the utility of using a
charge-momentum vector as a discriminant of jet structure. Finally we emphasize the utility of charge-
retention tests in large-pr hadronic reactions in order to discriminate between various contributing
subpfocesses.

I. INTRODUCTION

All the evidence for the quark structure of had-
rons has been necessarily indirect, since quarks
have never been experimentally observed. How-
ever, one of the more direct indications of under-
lying quark dynamics has been the discovery of a
jet structure in the final-state hadrons in e'e an-
nihilation at SPEAR. ' Hadrons are emitted pre-
ferentially with a limited transverse momentum
relative to a jet axis which has a 1+cos'L9, dis-
tribution characteristic of a virtual photon pro-
ducing two spin--,' particles. It is thus natural to
identify the parents of this jet mith spin- —, quarks.

Jets are seen in many othex reactions ranging
from deep-inelastic lepton scattering to the pro-
duction of high-transverse-momentum hadrons in
hadronic collisions. ' These jets can be identified,
with various degrees of certitude, as systems of
quark (or multiquark) parentage. Ideally, the had-
rons emitted by such jets have essentially limited
transverse momentum relative to the jet axis and
the inclusive single-hadron distributions scale.
This means that the inclusive cross section

dX

+ines

with

x= hadron ii hadron

P jet+ jet

is independent of jet momentum, p,-„, for large
p,.„.As implied by the Feynman distribution,
dN/dx I/x as x-0-, hadron multiplicities grow
logarithmically with energy and, where the energy
is sufficiently high, they are distributed uniformly
in rapidity (y) for finite y. Here E„~„,=m, coshy,

y=h f(E.~ .+&.~... }/~.j
= lnx+ In[(p, „+E,.„}/m,].

Although evidence for jets with these distribution
properties is accumulating, further tools and
harder evidence are needed to establish their
quark parentage.

One test, suggested by Feynman, ' is to look at
the charge of the hadrons in the fxagmentation
region of the jet (y, &0}. He conjectured that
the total charge of all the fragments in this region
averaged over events should be equal to the (frac-
tional} charge of the parent quark. In fact all
quark quantum numbers should be retained on the
average. Although this has been shown not to be
true in genera14' in the quark model, a weaker ver-
sion is still possible and mill be discussed in Sec.
III.

In this papex me shall be concerned with several
new applications of charge retention as a test for
the quark parentage of jets. In the next section
we construct a simple "inside-outside" cascade
model for jet fragmentation which me shall use in
our discussion of charge retention. This model has
a causal space-time structure. %e shall then re-
view the charge retention problem in Sec. III. In
Sec. IV we review briefly what has been learned
from deep-inelastic vp —g It'X at Fermilab and
discuss in detail what can be learned from experi-
ments on e'e annihilation and on the Drell- Yan
process in hadronic collisions (h, h, -+l'I +X with
I = p or e}. Finally in Sec. V we discuss the possi-
bility of using a charge-momentum vector as a
tool for studying the quantum numbers of jets.

II. A MODEL FOR JET FRAGMENTATION

The problem of jet fragmentation has been dis-
cussed in detail by many authors. 3 4~4 ""It has
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been pointed out' that the space-time evolution of
the final state limits the possible realistic models.
Bjorken has suggested that the space-time evolu-
tion must be as in Fig. 1. The initial quark and
antiquark (in e'e —hadrons, for example) are
moving almost at the speed of light. The pion
emission must (apart from quantum fluctuations)
happen near the hyperboloid t' —x'=d', where d
is some typical hadronic dimension. The total
time needed for this development is then propor-
tional to ~s since the hyperboloid joins the quark
at t = yd. The initial quark and antiquark are then
free for a time t CC v.s, which justifies their being
treated as free particles in the calculation of the
cross section. '

In constructing a model for this process we must
keep in mind that the emission of one hadron can-
not cause or directly influence the emission of any
other hadron since they are at a spacelike separa-
tion. The "cause" of the emission must then some-
how come from the region t ' —x' & d '. The sim-
plest such mechanism is shown in Fig. 2. At x= t
=0 (or in practice at f' —x'&q'«d') a large num-
ber of (virtual) gluons' are emitted with all velo-
cities and with a flat distribution in rapidity (y
=tanh 'v„„„).This condition ensures l.orentz in-
variance. We assume that the gluons live, on the
average, a constant characteristic proper time
r = I/d and they then produce a, qq pair. This pro-
duction will then always happen near the hyperbo-
loid. Hadrons are formed by joining quarks and
antiquarks from adjacent gluons into color singlets
as is shown in Fig. 2. Production of baryons could
be incorporated as in Fig. 3. Note that in this
model baryon number would be compensated lo-
cally in rapidity.

meson

x=t=O

FIG. 2. The mediation of virtual gluons in the forma-
tion of hadrons in e ' e annihilation.

Let us assume for simplicity that the (virtual}
gluon ma, ss is fixed'. m ~ 2m, (here m, is the
mass of the u, d quarks assumed equal}. In rapi-
dity, the process e'e -hadrons now looks as in

Fig. 4 (in the e'e c.m. frame and neglecting pro
duction of strange quarks). In Fig. 4

pal m
coshz = ~, coshz, =

2m, ' 2m,
'

The transverse-momentum fluctuations will only
affect the details of the model and not its charge-
retention properties. In this simplified version of
our model we have assumed the gluons to be evenly
placed in rapidity and, when gluon-qq, the q and

q always align themselves to ensure that they make
hadrons. The rapidities of all. the produced me-
sons are thus fixed.

If there are 2n+ j. gluons then energy conserva-
tion gives

B

virtual phot'on

mesons

FIG. l. Space-time evolution of the hadronic final
state in e e annihilation. The initial qq pair are pro-
duced at x=t = 0 and the hadrons are produced near the
hyperboloid, t —x =d . The transverse direction is not
shown in the diagram.

q
FIG. 3. Baryon production in the model of Sec. II.



RFTENTION OF QUANTUM NUMBERS BY QUARK AND. . .

leading
anti-
quark

leading
quark

&max

FIG. 4. Rapidity distribution of the gluons and hadrons
in the model of See. II. Here cosh g =m~/2m and
cosh S~=FNg /2pNq .

2
2(n+ I) = —(y +z)

ln - +g

ca=2(a+z, ), y =(n+1)za —z,
and Ws is the total c.m. energy. The sum in Eq.
(3) can be done and for coshy = e'~~/2. The re-
sult is

Ws=m, exp(y )G

happens. Since the average charge in the central
I'Rpldlty 1eglon 18 zero~ ln defining the fx'RgmentR-
tion region for the purpose of charge retention
tests we may stop at any reasonably small va, lue
of y. Let us define the fragmentation region by
y&yo. The situation is shown in Fig. 5. The me-
son with smallest y&y, is composed of q, +g, . Had
we looked at the total charge for y& y, but not in-
cluding the quark q, (i.e. , had we cut in the middle
of the pion) we would have got the charge of the
leading q~ event 5y event. In fact the net value of
any additive quantum numbex'A would, event by event,
be thequantumnumberofq~: A=A-, . However, to
this we must add the A of q2. 3o in this event
A = A-, + A, . Thus the mean quantum number of
all hadrons with y &yo is simply

(A) = A-, + (A ) . (I)

Fol example, lf oDly u Rnd d quRlks Rx'6 ploduced
from the gluons and they are produced with equal
probability, then

(Q) =ski-,,+a 9„+aQd=tki,-+ e

where Q is charge If q~.=Id then (Q) =--,' and

charge is not retained. However, for an SU(3)-
symmetric sea

(q) = c-„+-'fq. +e,+ e.) = @-...
and thus charge is retained due to the fact that the
sum of Ql/ Qua'pk ckQt ges $s MJ'o.

In general Iet P„, P„P„and P, (etc.) be the
respective probabilities for producing a u, d, s,
Rlld c qllR1'k 111 tile seR (celltl'Rl rapldlty 1'eglo11).

Then for any Rdditive quantum number A,

The number of produced pions n, =2n+2. Thus the
nleR11 Illllitlpliclty (kl ) wlii be

(rr, ) = —rn (
—) .

The simplified model given here can be extended
ln R straightforward way to include tlansverse
momentum I'Rpldly fluctuRtloDS BJld px'oductlon of
VRx'ious types of hRdron8 Rnd 1 esonances. . How-

ever, we shall not need these for our discussion
of charge retention.

where q~ is the universa. l energy-independent con-
stant

q~=P„A„+P~A~+P A +P A .
Here A~ is the quantum number of the parent quark
ox multiqumk system; A„„,, are the quantum
numbers of the u, d, s, and e quarks and the sign
is + (—) if the leading parent needs a quark (anti-
qllR1'k) to neutralize 1t. No'te tllRt 'g~ ts tIIdepclldctlt

of the process and of the jet type but depends only

III. CHARGE RETENTION

I,et us now look at the charge-retention problem
in the framework of the model of Sec. II. In e+e

-hadrons if we could look only at events starting
%'ith e e —uu Rnd distinguish the u-)et fx'RgnlentR-
tion region we should, if charge is retained, see
a mean cha.rge of 3. It was pointed out by Farrax
and Rosner" that this hypothesis need not be cor-
rect. In. the model of Sec. D it is clear why this

)eadlAg
~antiquark

gL
I

Vo &max

FIG. 5. Quark and antiquark constituents of mesons
in the fragmentation region of an antiquark jet. The
total hadronic charge for g &go is (q)- +Qcg c2
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on the quantum number A. Thus quantum-number
retention is true to within a universal additive
constant. This important result was first proved
in a fragmentation model by Chan and Colglazier. '~

As an example consider the case of only an SU(2}
sea. Then with P„=P„=-,', P, =P, =O,

&i,„„„=2 (3 3}=—', not retained,

&i„„„„„,„=2 (0+ 0)=" retained,

ti,~.„„„&,=-,'(3+ ) 3 not retained,

= —,
' (-,' ——,') = 0 retained.I 2 2 2

(9}

IV. SPECIFIC TESTS FOR CHARGE RETENTION

The most familiar tests of charge retention are
e'e annihilation and deep-inelastic lepton (particu-
larly charged-current) reactions. We shall re-
view the practicality of these tests and then point
out that the Drell-Yan" reaction (h, +h, -l'l +X,
l = li or e) can lead to additional important informa. -

Here I, is the z component of isospin. Note that
baryon number is not retained. In fact for a quark
(q) jet, (B)=B -&i, = —,

' ——,'=0 as expected. I, is al-
ways retained since we expect P„=P, and I, = -I,„,
I, =I, =0. In fact in a model with only SU(2) sym-
metry (no K production} charge retention is in-
compatible with I, retention since if only pions are
emitted (Q) =(I,) whereas I, v Q on the quark level.
From our derivation of the charge retention re-
sults it is clear that as long as there are only
short-range correlations in rapidity, Eq. (8) is
quite model-independent. This is because any ef-
fect such as resonance decay, baryon production,
or a deviation from the prefect ordering of the
hadrons relative to the gluons will lead equally to
a positive and negative contribution to (A). It will
thus have no effect at all on (A).

The results of this section are consistent with the
work of Refs. 4a and 4b in the context of the causal
model of Sec. II. We have emphasized that the
constant g is universal and is independent of the
jet type and thus charge retention is a viable tool
for identifying the quantum numbers of the parent.
In fact if experimental determination of q~, for all
quantum numbers A, were possible one could de-
duce the strange- and charmed-quark content of
the sea. (This might or might not be the same as
the quark sea of the hadrons as probed in deep-
inelastic scattering. ) Such experiments are thus
of great value in learning about quark fragmenta-
tion and possibly about the quark composition of
hadrons. In the next section we shall apply these
ideas to a study of certain definite experimental
tests of charge retention and thus of the quark na-
ture of hadrons.

tion on quantum-number retention for quark and
multiquark jets.

A. e'e annihilation and deep-inelastic scattering

In e'e annihilation the final hadron jets will be
a combination of uu, dd, ss, and cc jets. Thus the
average charge (above the charm threshold) on the
quark-jet side will be

Q Q,'(Q, &ig)— g Q,'= —,', &io—
0 a

(10)

3= —, (1-q())+C„( ) «, ( )

where C„ is a correction due to the possible frag-
mentation of a nonvalence quark into a p' or E',
and

C,+,„) ~,& )
-0 as x- l.

The general formula for the charge in the hemis-
phere of a detected hadron, h, is then

~ 2D
(Q)

—a=auurh. uutiuuarh 'Qa h/ 2( )(Qa 1Q} (12)h(x& gQ 2D

where —(+) refers to quark (antiquark). Another
test of charge retention in e e annihilation is
given by Newmeyer and Sivers. 4'

Probably the most straightforward test of
charge retention is the reaction vp- p, h'X. This
has been discussed in some detail in Refs. 2, 3, 4,
and 5. It is most easily visualized in the W p c.m.
system' as in Fig. 6 with s = (q+p)2. Let x» ———q2/

2p q, where p is the four-momentum of the inci-
dent proton and q is the four-momentum of the W'.
Then for x„.&0.2 predominantly the d quark inter-

The trouble with this is that we cannot separate
the quark jet from the antiquark jet in e'e . One
useful test suggested by Bjorken and Miettinen"
is to look for a strong back-to-back charge corre-
lation in the leading hadrons. In other words, if
one triggers on a leading 7j

' the probability is
large that we are seeing a fragment of either a u

jet or a d jet. In either case there is a large pro-
bability that the leading hadron on the opposite side
will be a p .

Extending this idea we consider the mean charge
in a jet with a strongly leading»' (or K'). Let

D», (x) be the fragmentation function' for a quark

q, fragmenting into a hadron, h, with a fraction
x of its momentum. Define (Q),,(„&((Q)K,(,&) to be
the total charge averaged over events on the side
of a leading &(' (K') with a fraction x of momen-
tum. Then

(3)'(-' —&i,)+ (3)'(3+ &i(&), q(Q)r+(x), K+(x) (2&2+ /1'&2 s+(x), Z+(x)
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~px'&
P &90'
s&25

FIG. 6. Parton-model diagram for pp p X as
viewed in the 8"p c.m. system for the valence region

(x~ 20.2).

50
C)
II

20—
KK

acts. %e thus can study the charge retention pro-
perties of both a u quark and a gu diquark system.
An asymmetry is expected in the charge distribu-
tion as shown in Fig. '?. For an SU(3)-symmetric
sea (go=0) twice as much charge is expected in the
proton fragmentation region as in the current (W )
fragmentation region. For an SU(2) sea go= —', and
the charge ratios shouldbe —,':—,

' sothat the expected
asymmetry is increased. For x» &0.2 the presence
of sea quarks which can be hit by the 5" tends to
fulthel lDcrease the asymmetry between the hvo
hemispheres. Figure 8 shows this clear asym-
metry in the Fermilab 15-ft bubble-chamber data. "
The main problem here is that detailed quantita-
tive results cannot be deduced from these data
since they are summed over many values of x»
and q' due to small statistics.

It ls also lDtel estlDg to look at the plobability
that a given charged pion is a p' vs a 7l . To do
this me take the data in Fig. 8 and plot

dg' dN dX'

Iloo
0

0
0.5

4l

0.4

I I I I

-4 -3 -2 —
I 0 I

FIG. 8. Data from the Fermilab 15-ft bubble chamber
for vp-p g (Ref. 12). The rapidity distribution and the
charge structure d@ /dy-ff+ /dy of the final state are
shown, as well as the transverse-momentum distribu-
tion of the emitted hadrons. The curve for (p&(y)) is
from pp reactions.

in Fig. 9. Even though vie have not reached a re-
gion vrhere the rapidity distribution is flat, ere
still see that hadrons in the fragmentation regions
have a larger probability for being positive than
those in the central region.

In electroproduction experiments the virtual
photon can scatter off either a u or a d quark in
the valence region and thus the identity of the jet

jj dN dN
dy dp

I

+

zlw

I

0 I

Yc.m.

- logs

FIG. 7. The idealized distribution of charge in rapid-
ity expected for the process of Fig. 6 as g

FIG. 9. Fractional excess of positive over negative
hadrons for the data of Fig. 8. Error bars are not
shown.
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is again not determined. However, as we discus-
sed for e'e annihilation, one could look at the
charge associated with a leading p' taking into
account its u and d content and obtain definite pre-
dictions which could be compared with the experi-
mental results. "

B. The Drell-Yan process

We believe that one of the most interesting re-
actions in which to test charge retention would be
the Drell-Yan" process h, +h, -l'I +X, where all
the final charged hadrons are observed. We as-
sume that we are in the scaling region where the
Drell- Yan mechanism dominates as in Fig. 10.
Evidently in the final state we expect two multi-
quark jets.

The simplest example of this is K p - I'I +X
with x~ (xP the. (light-cone) fraction of momentum
of the K (p) carried by the annihilating guarks.
Since the invariant mass 3R' and the longitudinal-
momentum fract1on x of the lepton pa1r can be
measured we can deduce both x~andx~. Infact
assuming transverse effects to be small we have

= x~xp 8

xi xE xp

(13)

If x~ is not too large and%' is large so that both

x~ and x~ are &0.2 then only the valence quarks
annihilate. We then expect two clearly distinguish-
able jets as shown in Fig. 11. In the K fragmenta-
tion regio~ a strange jet is expected with charge
——,

' and in the proton fragmentation region we ex-
pect a diquark jet with charge +-, . Thus the charge
structure expected is shown in Fig. 12. It is an
interesting separate question how broad the peaks
should be, but it is usually expected that they
should be of a constant rapidity width as the neu-
tral plateau increases logarithmically with the
beam energy. The mean strangeness in the A
fragments, tion region should be —1 —q, [- 1 for
SU(2) sea, ——, for SU(3) seaj and 0+ @, on the pro-
ton side [0 for SU(2) sea, —3 for SU(3) sea]. It
will be interesting to compare these results with
the charge distribution obtained in normal had-

FIG. 11. The Drell-Van mechanism for K p-E I
+X in the valence-valence region (x ~,x& 2 0.2).

ronic collisions. " The crucial observation will
be to watch the decrease in the area under the
dN, /dy —dN /dy curves in each hemisphere as one
goes from normal events to wee-quark annihilation
to valence-quark annihilation.

In order to decide whether experiments in the
foreseeable future will be able to see such effects,
we must estimate the width of the charge peaks.
From the result of the vp- p, X experiment shown
in Fig. 3 we might expect a width of about 3 units
in rapidity. However, those results are summed
over many values of s and include sea contribu-
tions which modify the picture as we shall see.
There ale several factors to consider:

(1) Production and decay of leading resonances.
(2) Fluctuations in the rapidity of the leading

hadrons.
(3) Transverse-momentum fluctuations.
(4) Background contributions to the Drell-Yan

process.

If a p meson decays into ~~ the mean longitudinal
momentum of the pion will be —,

' its momentum (in
the p rest frame). The resulting maximum and
mean rapidities are shown in Fig. 13. We thus
expect fluctuations of Bt least - —, units in rapidity.
The effects (2), (3), and (4) are more difficult to
estimate. However, in experiments where a pla-
teau is seen, it tends to set in near x=0.2." This
corresponds to = 1.6 units of rapidity, We can then
expect that in any experiment with ~ 4 or 5 units of
rapidity available end to end and where it is clear

Jl dN+ dN

d)f d}f

P'otoh
fragmentation
region

-logs

K
fragmentation
region

FIG. 10. Parton-model diagram for the Dxell- Tan
mechanism 5&+h2 —I'E +X.

FIG. 12. The expected distribution of charge in rapid-
ity for the process of Fig„ 11.
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~mox
p

I

I

I

I

I

y y+0.8 y + l.9

FIG. 13. The effect of p decay on the charge distribu-
tion near the fragmentation region. Here P
—yp, and g ~=mp/2 in the rest frame of the decaying
p meson.

proton

fragmentation
region

hole

fragmentation
(u quark)

hadron
plateau

I
I

lj dN

dy

current plateau

K

fragmentation
(s quark)

—
Y

that there is no hole fragmentation (i.e. , where
we have the simple situation of Fig. 11 with no
annihilation of wee quarks) the charges should
substantially be separated into respective hemis-
pheres. More detailed information on the structure
of the charge plateaus and the charge-flow distri-
butions at finite energies can be estimated from
the analysis of the pp data in Ref. 15.

Let us now look at K p —l'l X but with x~ large
and %' small so that x~& 0.2 but x~& 0.2. Then
to the contribution of Fig. 11 we must add the dia-
grams of Fig. 14 where wee quarks from the pro-
ton are struck. Both the rapidity distribution
dN'/dy+ dN /dy and the mean charge distribution
dN'/dy —dN /dy would be extremely interesting
quantities to study experimentally, especially since
there is theoretical disagreement on their expected
form and a good experiment could distinguish be-
tween these. We shall now study these various
possibilities. For simplicity we consider the pro-
cess of Fig. 14(a) which dominates over that of
14(b) by —', :—', due to the charge values of the an-
nihilating quarks.

Suppose that the wee uu pair was produced in the
target by some neutral object in the sea (such as a
gluon). Then the momentum of the u and u will be
approximately the same. " According to Bjorken, '
Feynman, ' and others, ' after the uu annihilation
into l'l, the u-s system composed of the leading s
and the remnant wee u will be a jet pair similar
to that in e'e, whereas the proton jet is simply
a fragmenting proton which fragments as in usual
hadronic collisions. The final rapidity distribution

FIG. 15. The expected rapidity distribution for the
process of Fig. 14 in the "hole fragmentation" model.
In principle, the height of the hadron plateau need not be
greater than that of the current plateau. We sketched it
thus only to distinguish between the two regions.

is then divided into the five regions of Fig. 15.
According to this picture the charge will be dis-
tributed in rapidity as shown in Fig. 16. Thus the
charge (- 1) of the K should be spread over a
much broader region than that of the proton.

According to the color model of Ref. 7 there
need not be a specific hole fragmentation region
since no multiplicity is produced until color has
separated. Thus the height of the plateau could
be constant throughout the central region.
Thus there is a possibility that the charge will be
smeared between the proton and the u quark and it
would average to —,'+ g over the entire region as
shown in Fig. 17. This would occur, for example,
if the wee quarks were daughters of mesons in the
proton cloud; for example, via p-n+ p'-n+ud.
In this case the wee u would be accompanied by a
leading neutron and a wee d. Alternatively if the
quarks in a multiquark state are in equilibrium
before the interaction, the wee u quark will not
necessarily be accompanied by a wee u quark. It
is thus clear that an experiment of this type would
be extremely helpful in distinguishing these pos-
sibilities and thus in understanding the nature of
quark fragmentation.

i( dN dN

dy

K K

-2/3+ qg

FIG. 14. The Drell-Yan mechanism for K P l l X
in the "valence-sea" region (x+2 0.2, x& ~ 0.2).

FIG. 16. The expected distribution of charge in rapid-
ity for the process of Fig. 14 in the "hole fragmentation"
model.
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iI dN 4N
dy dy

09
I

Xb)
log (sxb) )

FIG. 17. An alternate possibility for the distribution
of charge in rapidity for the process of Fig. 14.

The available rapidity for the proton isX, 4m
t ~(+ ln 1+ — xI +

S S

For example, if 3R'«s and x~=-,' then only =O. V

units of rapidity are lost.
The minimal Drell-Yan process for pp is shown

in Fig. 18 and allows a study of both a qq and a
qqqq jet system. Let us consider first x, &0.2 and

x, &0.2, i.e. , x~&0. Figure 18(b) will dominate
since there are two u quarks in the proton and
there is an enhancement from the (charge)' of the
annihilating quarks. According to the hole frag-
mentation model we should expect the situation in

The reaction K'p —/'I + X can also lead to in-
teresting tests of these ideas. The dominant in-
teraction for x~&0.2 will be a uu annihilation,
leading to a dramatic (—,'+ qz): (—,

' —q@) charge ratio
in the K':p fragmentation regions. The less fre-
quent ss annihilation gives a (3 —qz): (—, + qo) ratio.

A very important Drell- Yan experiment is pp
—l'1 +X at the CERN ISR due to the large available
energy. The protons have more than 8 units of
rapidity available end to end at v s = 62 GeV. After
the lepton-pair formation the available energy is
reduced by

Fig. 19, where the charge structure of Fig. 19(b)
dominates. Qf course, all the possible alterna-
tives mentioned in connection with the K p Dr ell-
Yan process are possible here as well. The ra-
pidity distribution at ultrahigh energies will
probably be flat throughout the central region.
However, the charge —,' —q~ could be spread out
on the left side of the rapidity distribution. In

any case a charge asymmetry of 3 g Q 3 + g Q

between the two hemispheres would be striking
since in ordinary pp scattering the proton charges
are clearly deposited in their fragmentation re-
gions 14& 15

The study suggested above is in the valence-sea
region (e.g. , if SR'=0.004 s and x~=0.39 then x,
=0.01 and x, =0.4). If both quarks are in the sea
then the situation is much more complicated. In
fact the knowledge of x~ and %' is not sufficient,
in any given event, to distinguish the two jets.
As K'/s -0 one would expect the hadron distribu-
tions to become very similar to those in ordinary

pp scattering.
As a final example we consider ~'p.—/'E X in the

valence-valence region. The expected processes
and their charge distributions are shown in Fig.
20. These experiments with sufficiently high en-
ergy would also be useful in studying the quark
nature of these jets.

V. THE CHARGE-MOMENTUM VECTOR

In this section we shall consider how the "charge
momentum" might be used to study jet structure.
The idea of charge-momentum flow was first in-
troduced in studying charge-exchange reactions

hadronic collisions '7 e shall study its appli-
cability to jet structure. Consider, for example,
e'e - hadrons. Define the "charge-momentum"
vector' for any additive quantum number A by

hadrons
(i)

i 4N+ 4N
4y

P)

o

dy dy

(b)

FIG. 18. The Drell- Yan mechanism for the process
pp —E'E +X in the valence-sea region {x&«0.2, x2
~ 0.2).

FIG. 19. The expected distribution of charge in rap-
idity for the process of Fig. 18.
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)- 31

so that

(19)

dN dN

dY dY

3 9Q
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I

9Q
/

Y

FIG. 20. The Drell- Yan mechanism and the expected
charge distribution for 7j'p -l 'l +g in the valence-
valence region (x, , x& 2 0.2).

((J')')
(JvJ ) 31

We have calculated ((J')') and ( J') in several
models including the model of Sec. II and find that
the ratio ((J')')/( J') is very model-dependent.

In reactions other than e e - hadrons the situa-
tion is even more complicated. In the case of
&p- p, X for x„.&0.2 we have, in the W'p c.m.
system the situation of Fig. 6. On the quark level

(20)

Here A,. is the quantum number of hadron i and P~
is its four-momentum. We could also consider the
"convection current"

J(~)A= Q A;P31/m;= Q V~A;.
hadrons i

(s)

Here m,. and V",. are the mass and four-velocity of
the hadron i. Besides being covariant, an essen-
tial advantage of J" is that it emphasizes leading
hadrons over those in the central rapidity region.

In the reaction e'e -hadrons, on the quark level
we have e'e -qq and thus in the e'e c.m. system

vs vs
A q 2 q

vs Fs
J~= A, —+A, —k=A, Wsk,

(18)

where A, is the quantum number of the quark and
k is a unit vector in the jet direction.

For e'e - hadrons in the one-photon approxima-
tion (J~o)„„„=0 due to charge-conjugation invari-
ance. Instead it is interesting to look at ((J')') in
the c.m. system and (J'J,). If J' on the hadron
level were similar to that on the quark level we
would expect (J"J„)o-s and ((J')') «(J"J,). In all
jet models which we have considered we find
(J') o-s but (J')/s is very model-dependent as is
any general conclusion about ((J')'). In fact we
found ((J')') ~s as well. This points out very
clearly that the charge-momentum vector is not,
in any sense, conserved. As an example let us
calculate e'e - p. 'p. - e'e v, v, ~„v„. For the reac-
tion e'e —p, 'p. we find as for the quark case that
((J ) ) =0 and ( J') = s (for Q = charge in units of the
proton charge). From the decay distribution of
i1' —e'vp we can evaluate ((J')') and ( J ') for the
final state and find

where E&„„),P(„„),E„,P„are the energy and momen-
ta of the uu diquark system and the u quark. Here
vs is the total c.m. energy of the W'p system.
Observe that the situation is reversed and (J')
&((J3)3) might be expected.

In general, the evaluation of (J'J") can be a
convenient and covariant method by which to label
the properties of a jet. However, specific pre-
dictions depend critically on the fragmentation
model, and one can thus possibly differentiate
between different mechanisms. One might expect
J in any event to point in the jet direction. How-
ever, it might tend to overemphasize transverse-
momentum fluctuations. For example, if a p' is
emitted with transverse momentum p, relative to the
jet axis and a ~ compensates this p~, then Jwill ac-
quire a transverse component of 2P, rather than
canceling.

Another use of the charge-momentum vector
would be in identifying the onset of weak effects
in e'e -hadrons in high-energy storage rings.
Owing to the predicted interference between e'e
—y-hadrons and e'e -Z'- hadrons, we expect
(J')e0. This is also the case forthe interference
between the 2y and ly process in e'e annihila-
tion "

VI. DISCUSSION AND CONCLUSIONS

In this paper we have emphasized that quantum-
number retention in the fragmentation region can
be a viable method for verifying the quark nature
of hadrons and for identifying specific quark and
multiquark systems. We have shown that a sim-
ple "inside-outside" cascade model with a causal
space-time structure predicts that the mean charge
of hadrons in the jet fragmentation region equals
the charge of the parent quark system modulo a
universal constant bio (the mean quark charge of
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the sea). This result appears to be quite general
and agrees with earlier work' utilizing fragmen-
tation models. Although it is well known that the
hypothesis of exact quantum-number retention is
in general incorrect, it has not been sufficiently
stressed that the correction terms q~ are univer-
sal numbers which can be established empirically.

There is already scme evidence from analyses
of experiment for a nonzero value of g. Field and
Feynman" find from their parametrizations of the
quark fragmentation distributions D„i,(x) that

1

(Q), = Q Q„D„g,(x)dx=0. 59, —0.40, —0.39
h=if&W 0

for q = u, d, s respectively. Their analysis uses
e'e and electroproduction single-particle inclusive
data and neglects baryon production. The results
are consistent with go=0.07+0.01 (although the
uncertainty in the analysis is probably larger than
this error estimate}.

As we have discussed in Sec. IVB, one of the
most interesting areas of application of charge
retention will be massive- lepton-pair production
where the Drell-Yan mechanism is expected to
dominate. Charge-retention studies should allow
a specific identification of the quark and' multi-
quark jet system expected in the beam and target
fragmentation regions. In addition one can study
the distribution of the hadronic charge when sea
quarks annihilate and thus test the ideas of hole
fragmentation' to see if there is local compensa-
tion of charge. It will also be interesting to com-
pare events with high-mass lepton pairs on and off
the d/g and other resonances as a check of the
production mechanism (e.g. , production by gluons).
It is also interesting to compare the charge dis-
tribution in the processes discussed above with that
in normal inelastic hadronic events.

In the case of e'e several tests of charge re-
tention are possible as discussed in Sec. IV A. It
will be interesting to compare jet charges above
and below the charm threshold. Another test,
suggested in Ref. 20, is to measure hadron charge
asymmetries associated with photons produced at
large transverse momentum relative to the jet
axis. The ratio of hadron to muon asymmetries

do(e'e - yh'X) do (e'e - yh K-)
d'k k/dOAd x d'k k/d oiMx

do (e'e —y p, 'p ) do (e'e —y p p, ')
d'k/kod A~+ d

'k/kiddo„

is given in the quark-parton model as (Q„,=1)

R„"'(x) = g Q,
' [D„i,(x) —D„i,(x)] .

As we have shown here, the mean charge in the
quark jet is

1

(Q)„,= Q Q„dxrD~, q(x) -D-„i,(x)]
h=pos i tive 0

had rons

Thus R„"'(x) satisfies the sum rule

1

Q„dxR„"'(x)=Q (Q, qoQ 3).
h=positive 0

hadrons

The testing of this sum rule as well as the scaling
behavior of R„"'(x) would be an important test of
the quark ideas.

pnce one confirms the quantum-number-retention
analysis in experiments discussed here, the tech-
nique can become an effective tool for analyzing
subprocesses which control large-p ~ hadronic
reactions. Thus in a model based exclusively on
quark-quark scattering" "

(qq -qq) one expects
an equal average charge for each of the large-p~
jets (toward and away), both for events triggered
by single particles or by jets. Pn the other hand,
in the constituent-interchange model, " in regions
where the subprocess Mq-Mq is expected to dom-
inate, the jet on the trigger side (usually the side
of the meson, M} should have a charge structure
different from the away side jet. For pp -K'X or
pp- p'X, the dominant recoil jet will correspond
to a u quark, giving (Q) =-, —qo. Care will be need-
ed to separate the large-p~ jets from background
contributions. The beam fragmentation regions
will also have a different quantum-number struc-
ture for the different subprocess models. Thus
quantum-number retention in charge, strangeness,
and baryon number may turn out to be a useful
method for discriminating underlying hadronic
mechanisms at short distances.

Clues to the structure of jets in each of the pro-
cesses discussed here can also be obtained by
utilizing the x- 1 behavior of the leading particles
in the jet. This is discussed in Ref. 23 and Ref. 2.
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