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A model is analyzed that provides a parametrization of the properties of the jet of 
mesons generated by a fast outgoing quark. It is assumed that the meson that contains 
the original quark leaves momentum and flavor to a remaining jet in which the particles 
are distributed (except for scaling of the energy and possible changes of flavor) like 
those of the original jet. One function, the probability f(~) that the remaining jet has a 
fraction ~ of the momentum of the original jet, is chosen (as a parabola) so the final dis- 
tribution of charged hadrons agrees with data from lepton experiments. All the proper- 
ties of quark jets are determined from f(r/) and three parameters; the degree that SU(3) 
is broken in the formation of new quark-antiquark pairs (~s is taken as half as likely as 
flu), the spin nature of the primary mesons (assumed to be vector and pseudoscalar with 
equal probability), and the mean transverse momentum given to these primary mesons. 
Monte Carlo methods are used to generate typical jets. Analytic approximations are also 
given. Many features of quark jets are examined. The distribution of momentum of 
various hadrons D~(z), the properties of the hadrons of largest momentum in the jet, 
correlations, rapidity-gap distributions, distribution of charge and of transverse momen- 
tum are some of the subjects discussed. The appearance of the jets to an instrument 
sensitive only to particles above some minimum momentum is also described. Although 
the model is probably not a true description of the physical mechanism responsible for 
quark jets, many predictions of the model seem quite reasonable, possibly much like 
real quark jets (except that the possibility of the emission of baryons is disregarded). 
The purpose of this work is to provide a model useful in the design of experiments in 
which quark jets may be observed, and further to provide a standard to facilitate the 
comparison of lepton-generated jets with the high-P.L jets found in hadron collisions. 

1. Introduction 

Recen t  data  f rom ISR [1,2] and Fermilab [3] indicate that  the " j e t s "  observed 

in large-p± hadron-hadron  collisions are similar to those in processes in i t ia ted by 

leptons  (i.e., e+e - ,  ep,  and zpp processes). The " j e t s "  observed in b o t h  cases are 

though t  to arise f rom quarks that  f ragment  or  cascade in to  a col lec t ion  o f h a d r o n s  
moving  in roughly the di rect ion o f  the original quark.  

* Work supported in part by the US Energy Research and Development Administration under 
Contract No. EY76-C-03-0068. 
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The experimental verification of this should proceed simultaneously in two 
directions. First, the detailed properties of the jets produced in lepton reactions 
must be examined. (Incidentally, we must confirm via charge properties, etc., that 
these jets could actually arise from quarks.) Secondly, the hadron-initiated large-p± 
jets must be compared in great detail to the lepton jets to determine if they are 
actually identical. (Some theorists believe that gluon jets will be produced at large 
p± in hadron-hadron collisions in addition to quark jets.) At the present time there 
is little data of either kind. However, hadron "jet trigger" experiments are proceed- 
ing or are planned. There is no comprehensive theory of the details of the jet struc- 
ture that we should expect to observe. So, it will be difficult to know in, say, a 
hadron experiment what data to collect and how to summarize it so that it will be 
useful to compare to some future lepton experiment which will probably not mea- 
sure precisely the same thing. We thought it might prove useful to have some easy- 
to-analyze "standard" jet structure to compare to. Thus, a hadron experiment could 
say "the real jets differ from the 'standard' in such and such a way", and the lepton 
experiment could then see whether they deviated from the same 'standard' in a 
similar way. 

In a previous paper [4] (hereafter called FF1), we used limited experimental data 
aided by some theoretical ideas to suggest parametrizations for the functions Dq h (z), 
the mean number of hadrons of type h and momentum fraction z (per dz) in a jet 
initiated by a quark of flavor q with high momentum. The model presented here pro- 
vides a new, much simpler, parametrization for these functions, making only negli- 
gible changes for those functions that were determined by experiment and otherwise 
in agreement with all the theoretical ideas in FF1. 

A virtue of the new model is that it gives detailed answers to many other ques- 
tions such as the number of correlated pairs of hadrons h i ,  h 2 at z x and z2, or the 
distributions of momentum gaps containing no hadrons, or the probability of observ- 
ing various total jet charges, etc. In addition, one can ask for the probability that a 
quark of large momentum fragments so that the sum of the fractional momenta z l ,  
z2, ... of all those hadrons with z i > Zmi n is z. The latter is useful in analyzing "jet 
trigger" experiments. In this type of experiment, one triggers on a collection of par- 
ticles that sum to give a large p±. It is experimentally very difficult to define a "jet". 
One can never be sure that all the low-momentum particles from the quark are 
included or that one has not included some extra low-p± particles from the back- 
ground of particles moving in the beam or target jets and not properly belonging to 
the transverse jet. These experiments would be much cleaner if one sets a threshold 
P±0' say, 500 MeV, for the transverse momenta of the particles whose total momen- 
tum makes up the trigger (so Zmi n = pzo/pz(quark))- 

We generate typical jets using Monte Carlo methods but provide an analytic 
approximation for the convenience of the reader. The predictions of  the model are 
reasonable enough physically that we expect it may be close enough to reality to be 
useful in designing future experiments and to serve as a reasonable approximation to 
compare to data. We do not think of the model as a sound physical theory, and dis- 
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cuss why in a later section. Also, as worked out here, the model does not include 
baryons. We must imagine the jets to contain only mesons because we have so little 
knowledge at present of what baryons to expect and the character of the model 
does not make a clear suggestion. It also makes no clear suggestion of what correla- 
tions in transverse momentum of the hadrons to expect. We have added an addi- 
tional assumption to determine this which seems reasonable to us but may be far 
from the physical situation. Some of the features of the transverse-momentum dis- 
tributions are, however, strongly affected by the fact that the particles observed are 
often products of decays of higher resonances. These effects are not dependent on 
the details of our jet model and should be important also in analyzing the beam and 
target jets in ordinary inelastic hadron-hadron collisions. 

Our quark-jet model involves one arbitrary function, the probability f(,/) that 
the hadron containing the original quark leaves the remaining jet a fraction r /of  its 
momentum. This ultimately determines the momentum distribution of hadrons. 
We have found that takingf(~) to be a parabola with one adjustable parameter 
results in an adequate fit to the distribution of charged hadrons, Dhq + (z) + Dq h- (z), 
observed in lepton experiments. All the properties of quark jets are then determined 
from f(r/) and three additional parameters; the degree that SU(3) is broken in the 
formation of new quark-antiquark pairs (s~is taken as half as likely as flu), the spin 
of the primary mesons (assumed to be vector and pseudoscalar with equal probability), 
and the mean transverse momentum given to these primary mesons. This later param- 
eter is determined by requiting that the final hadrons (after decay) have a mean 
transverse momentum of about 330 MeV. 

2. The model 

2.1. The ansatz 

We assume that quark jets can be analyzed on the basis of a recursive principle. 
The ansatz is based on the idea that a quark of type "a" coming out at some momen- 
tum Wo in the z direction creates a color field in which new quark-antiquark pairs 
are produced. Quark "a" then combines with an antiquark, say "1~", from the new 
pair bb to form a meson "ab" leaving the remaining quark "b" to combine with 
further antiquarks. The "meson" ab may be directly observed as a pseudoscalar 
meson, or it may be a vector or higher-spin unstable resonance which subsequently 
decays into the observed mesons. To avoid complicating the ideas, we will call "al~ °' 
the "primary" meson state and shall discuss secondary decay processes later. A 
"hierarchy" of primary mesons is formed of which al~ is first in "rank", b6 is second 
in rank, ca is third in rank, etc., as shown in fig. 1. (The "rank" in "hierarchy" 
should not  be confused with order in momentum, but only order in the flavor rela- 
tionships. The rank-2 primary meson may sometimes obtain a larger momentum 
than the rank-1 primary meson.) 
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"HIERARCHY" OF FINAL MESONS 
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Fig. 1. Illustration of the "hierarchy" structure of the final mesons produced when a quark of 
type "a" fragments into hadrons. New quark pairs bl~, cc-, etc., are produced and "primary" 
mesons are formed. The "primary" meson ba that contains the original quark is said to have 
"rank" one and primary meson c'b rank two, etc. Finally, some of the primary mesons decay 
and we assign all the decay products to have the rank of the parent. The order in "hierarchy" 
is not the same as order in momentum or rapidity. 

The "chain decay" ansatz * assumes that,  if  the rank-1 primary meson carries 
away a momentum ~1 (from a quark jet  of  type "a"  and momentum I¢o) the remain- 
ing cascade starts with a quark of  type " b "  with momentum Ig I = W o - ~1 and the 
remaining hadrons are distributed in exactly the same way as the hadrons which 
come from a je t  originated by  a quark of  type " b "  with momentum lg I . It is further 
assumed that for very high momenta,  all d is t r~ut ions  scale so that they depend only 
on ratios o f  the hadron momenta  to the quark momenta.  Given these assumptions, 
complete knowledge of  the structure of  a quark jet  is determined by  one unknown 
function f(r / )  and three parameters describing flavor, primary meson spin, and 
transverse momentum to be discussed later. The function f07) is defined by 

f(r/)  d , /=  the probabil i ty that  the first hierarchy ( rank- l )  primary meson 
leaves the fraction of  momentum 77 to the remaining cascade, (2.1) 

* We believe this recursive principle was first suggested by Krywicki and Petersson [6] and by 
Finkelstein and Peccei [7] in an analysis of  proton-proton collisions. 
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and is normalized so that 

1 

J f(n) dr/= 1 .  (2.2) 
o 

The rank-I primary meson (with momentum fraction z 1 = ~l/Wo) contains the 
original quark "a"  (see fig. 1) and r/= 1 - z  1 . Thus for an initial quark with mo- 
mentum W 0, the probability that the first-hierarchy primary meson has momentum 
~1 in d~t is f (1  - ~l/Wo) d~a/W 0 and the probability that the rank-2 primary 
meson has momentum ~2 in d~2 is f(1 -~2 /W1)  d~2/Wl, where W1 = Wo - ~ 1, etc. 
The probability that we have a hierarchy sequence of  primary mesons with the kth 
having momentum ~k in d~k is 

o o  

Pr°b(~l ,  ~2 .. . . .  ~k) d~l d~2 ... d~k ... = l-I f(ni) dr~i, (2.3) 
i=1 

where r/i = Wi/Wi-1 with ~i = Wi-1 - Wi. That is, 7/i = 1 - ~i/Wi-1 and dr/t is to be 
replaced by d~i/Wi with Wi = Wo - Z~=- 1 ~ k .  

2 2. Single-particle decay distribution F(z) 

The above ansatz leads to an obvious and simple Monte Carlo calculation of  a 
jet as well as to a straightforward recursive integral equation. For example, if  we 
define a single-particle distribution in the quark jet as 

F(z) dz = the probability of  finding any primary meson (independent o f  
hierarchy) with fractional momentum z within dz in a quark 
jet,  (2.4) 

then F(z) must satisfy the following integral equation (take W o = 1) 

1 

F(z) = f(1  - z )  + f f(n)F(z/r/) dn/r/ , (2.5) 
z 

where the limits are automatic since we define f (1  - z )  = 0 and F(z) = 0 for z > 1 
or z < 0. Eq. (2.5) arises because the primary meson might be the first in rank (with 
probability f (1  - z) dz) or if not ,  then the first-rank primary meson has left a mo- 
mentum fraction r /with probability f(r/) dr/, and in this remaining cascade the pro- 
bability to fired z in dz is F(z/r/) dz/r/by the scaling principle. Dividing out  the dz 
leaves eq. (2.5). 

An integral equation for F(z) given f(r/) as (2.5) involves only differences in 
rapidity (Yz = - I n  z) * and hence can easily be analyzed by a Fourier transform 

• In this paper, we will use the word rapidity to refer either to the "z rapidity" given by 
Yz  = - I n  z In (3.4) or  the true rapidity given by eq. (3.5). Usually the difference between the 
two will not be important; however, when it is, we label the former by Y z  and the latter by 
Y. 
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in rapidity, or equivalently by taking moments  in z. I f  we define 

1 

M(r) = f zrF(z) d z ,  (2.6a) 
o 

1 

C(r) = f n'f(n) dn, (2 $6b~ 
o 

then eq. (2.5) takes the form 

M(r) = A(r) + C(r) M(r) (2.7a) 

or 

M(r) = A (r)/(1 - C(r)) , (2.7b) 

where 

1 

A(r)  = ; zrf(1 - z) dz . (2.7c) 
o 

The function A(r)  is, of  course, related to C(r) for they are determined by  the same 
function, but the point we wish to make here is more general. The integral kernel of  
(2.5) can be inverted algebraically in moment  space as 

1[(1 - C(r)) = 1 + C(r)/(1 - C(r)) . (2.7d) 

Thus an equation of  the form 

~b(z) = a(z) + f f(n) v(z/,) drl/rl (2.8a) 

can be inverted to give 

¢~(z) = a(z) + f g(n) a(z/n) dn/n , (2.8b) 

where 

f dr = C ( r ) / ( 1  - C ( r ) )  , ( 2 . 8 c )  

For example, (2.5), is solved by 

1 

F(z) = f(1 - z) + f g(r/) f (1  - z/rl) d n / n ,  (2.9) 
g 

which can be interpreted in the following way. I f  a particle is found at z,  either it is 
a first-rank primary meson or else the particles of  lower rank have left a momentum 
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~7, and it is the first of those remaining (i.e.,f(1 -z/r l)  dz/rl). That is,g(r/) d~ has the 
significance of being the probability that all the primary mesons of lower rank than a 
given particle have left momentum fraction ~ of the original momentum of the jet. 

The probability normalization off(T)  given by (2.2) means that C(0) = 1. Then 
from eq. (2.5) (or (2.7b) since A(1) = 1 - C(1)), one finds that the total momen- 
tum of all the primary mesons in the quark jet,M(1), is unity (i.e., equal to the 
original quark momentum). Namely, 

1 

f zF(z) dz = 1 . (2.1 0) 
o 

Another important point is that for small z, eq. (2.5) implies that F(z) has the 
expected Rdz/z behavior (R = constant). This represents a uniform distribution in 
rapidity, Yz = - In  z. We see from (2.7b) that M(r) diverges as r -+ 0, since C(0) = 1, 
as R/r where 

I /R = -dC(r)/drlr=o , (2.1 la) 

o r  

1 

I[R = - f In 71f(71) dn . (2.1 lb) 
o 

For small r, the integral (2.6a) is dominated by small z if F(z) is R/z and is R/r. This 
may also be. understood as follows. Since rapidity Yz is -In z, 1/R from (2.1 lb) is 
the mean loss of rapidity, In 7/, per primary meson. Thus, deep in the cascade we 
must have R primary mesons per unit of rapidity dYz = dz/z. For small r~, in the 
plateau, g(r/) in eq. (2.8c) is given by g(~) = Rift. 

2.3. Double-decay distribution F 2 (z l, z2) 

Suppose we want the probability of finding two primary mesons, one at z l ,  the 
other at z2, regardless of their rank in hierarchy. First, we defme the function 
F2(Zl, z2) by 

F2 (z 1, z2) dz 1 dz2 = the probability of fmding two primary mesons, one 
at zl of any rank and one at z 2 , but of higher rank 
than the one at z i .  (2.12) 

We can immediately write the integral equation 

F2 (zl, z2) = f(1 - z l )  F(z2/(1 - z l ) ) / (1  - z l )  

+ f r (n )  In, In )  0,7/,7 • (2 .13)  

The first term arises because zl might be the first-rank primary meson (probability 
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f(1 - z l)dz I ), and z 2 any primary meson in the following cascade (of total mo- 
mentum 1 - z l )  and hence with probability F ( z 2 / ( 1  - zl))dz2/(1 - z l) .  The sec- 
ond term arises i fz  I is not of rank one. The rank-one primary meson leaves the 
others with momentum T with probability f(T)dT and then we find zl ,  z2 with 
scaled probability/72 (Zl/T, z 2 / T )  dzl/T dz2/T. Eq. (2.13) can be solved by the 
techniques discussed in subsect. 2.2, whereupon one gets 

F2 (gl,  2"2) = f ( l  - z1)F(z2/(I  - gl))/(1 - z l )  

1 

+ f g(T) f ( l  - z l / T ) F ( z 2 / ( T  - z l ) )  dT/(T(T - z l ) )  • (2.14) 
Zl+Z 2 

The complete double-fragmentation function, where the meson at z 2 may be either 
of higher or lower rank than that at z l ,  is then given by 

J~2 (ZI, Z2)= F2(Z1, z2)  + F2 (z2, zx) .  (2.15) 

2.4. Choos ing  the  f o r m  off(T)  

A form which makes the solution of the integral equation (2.5) the simplest is a 
power ofT, 

f(T) = (d+ 1)T a . (2.16) 

In this case 

C(r) = (d+ l)/(r +d  + 1) (2.17a) 

or 

C(r)/(1 - C(r))  = (d + 1)/r  , (2.1 7b) 

so that 

g(T)  = (d + 1) /n  , (2.18a) 

and hence 

z Y ( z )  = (d + 1)(1 - z )  a . (2.18b) 

This means that 

z F ( z )  = f ( 1  - z ) ,  (2.1 8c) 

which serves as a rather rough approximation for other forms off(T).  This power 
form for f(T ) leads to a double-decay function of the form 

dzl dz2 
F 2 (zl, z2) dz i dz 2 = f(1 - zl - z2) , (2.19a) 

Z1 Z1 + g 2 

or disregarding order of rank, 
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F2 (zl ,  z2)  = f (1 - z I - z 2 ) / z l z  2 , (2.19b) 

which can also serve as a rough approximation for other choices off(r /)  *. The inclu- 
sive probability to find N mesons with momenta z 1, z 2 .... z N is 

N N 

?N(Z1,  Z2 . . . .  ZN) dZ 1 . . . d Z N = ( d +  I ) N + I ( 1 - - ~ z i ) d H  dz--'~i (2.20) 
i=l i = 1 ai 

This is the manner in which mesons are distributed in the one-dimensional field- 
theory model of  Casher, Kogut and Susskind [10]. In fact, it results simply from 
the assumption of  particles produced independently at random having an a priori 
probability ~ to exist and then to be distributed uniformly in two-dimensional rela- 
tivistic phase space (i.e., uniformly in rapidity, dz/z) .  The total energy and momen- 
tum must, however, be that of  the jet 03 = d + 1). 

Although the forms of  (2.16) and (2.18b) are simple and easy to interpret, they 
do not agree with the assumption we used in FF1, that the probability o f  finding 
mesons in dz approaches a constant as z -+ 1. Eq. (2.5) has the property that F(z )  
approaches f(1 - z )  as z becomes large. The mesons at large z almost surely contain 
the original quark and at z = 1, the meson must contain the original quark. Thus in 
order for F(z)  to approach a constant as z -+ 1, we must require that f(r/) approach 
a constant as 77 -+ 0, something that the form (2.16) does not do. A function that 
leads to results similar to those found in FF1 is simply (2.16) plus a small constant. 
We take 

f(rT) = 1 - a  + 3ar/2 , (2.21) 

where the parameter a and the power, d = 2, are chosen by comparing F+(z) to 
experiment. (Actually we compare the charged-particle distribution, D h (z) + D h - ( z ) ,  
to data.) The form (2.21) gives 

C(r) = (1 - a ) / ( r  + 1) + 3a/(r + 3) ,  (2.22a) 

so that using (2.8c) we find 

g(r~) = (3/r/+ 4a(1 - a)~72-2a)/(3 - 2a) ,  (2.22b) 

and (2.8d) yields 

zF(z)  = 3/(3 - 2a) 

+ 3azZ/(2a - 1) 

+ 2a(2a 2 - 3a - 2)za-2a/ ( (3  - 2 a ) ( 2 a  - 1)) .  (2.23) 

As we will see later after discussing flavor, if we interpret all primary mesons as 

Eq. (2.19b) with f (~)  = 2~ was used by Bjorken in ref. [8] to estimate the large-p± IrO~rO cross 
section in pp collisions and by Ellis, Jacob and Landshoff in ref. [9] to estimate same side 
large-p± correlations in pp collisions. 
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Fig. 2. (a) (left) The probability of finding the first-rank meson at z (in dz), f(1 - z) [ - - - ] ,  and 
the probability of finding any hadron at z (times z), zF(z) [ - - ] ,  given by eqs. (2.21) and (2.23), 
respectively, with a = 0.88, aps = 1, a v = 0. (b) (right) The functions aps f(1 - z )  and aps zF(z) 
given by eqs. (2.21) and (2.23) with a = 0.77 together with the distribution of secondary mesons, 
avf(1 - z) and c~ v zF(z), from parents distributed according to (2.21) and (2.23), where aps 
= '*v = 0.5 and where wehave used the parent-daughter relation in (2.54). - -  t~ps zF(z); ...... 
apsf(1 - z); . . . .  avZF(Z); - - - avf(1 - z). 

pseudoscalar mesons with no  secondary decays then  by  comparing Dhq + (z) + Dhq-(Z) 

with data and with the results of  FF1 ,  we find that  a = 0.88 gives a good fit. Fig. 2a 
shows zF(z )  and f (1  - z )  for this case. We see that  the relationship (2.18c)  is still 
approximately  valid. 

2.5. Including f lavor 

Next we examine the quest ion of  the flavor u,  d, s, fi, a,  and ~ of  the quarks and 
hence the isospin and strangeness of  the primary mesons.  We call the isospin and 
strangeness properties the "f lavor"  of  the pr imary mesons.  For  example,  a " u d "  
pr imary meson has the flavor of  a rr ÷ or equally well a p+. In this section, we will 
discuss everything in terms of  the pseudoscalars and in the nex t  section include the 
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possibility of  forming vectors or other resonances as well. We assume, as in FF1 ,  
that new qcl pairs are uti with probabil i ty  7u, dd with equal probabil i ty  7d and sg 
with probabil i ty 7s. From isospin symmetry  7u = 7a = 7, say, so % = 1 - 27. As in 
FF  1, we suppose that strange sg pairs are half  as likely as unstrange ufi pairs so that  * 

7 = 0 .4 .  (2.24) 

Let the primary meson states be defined by quark labels "alo", etc. ,  where a is u, 
d, or s and likewise for b. A sum on such a label is a sum on u, d, and s. Our assump- 
tions about flavor mean that i f  the ranks of  successive primary mesons are 1, 2, 3 . . . . .  
then their flavors must be of  the type of  a chain alo for the first with some 1~, then 
bE for the second, ca  for the third, etc.,  as shown in fig. 1. The probabi l i ty  of  find- 
ing them with various momenta  is still (2.3) but  multiplied by the factor 7b, 7e, 3'a, • 
giving the chance that  the correct new pairs l~b, 6c, dd . . . .  were indeed formed. It  is 
now easy to modify  what we did earlier in subsect. 2.2 for flavor. 

For  example,  for a quark of  type q, the mean number of  primary meson states 
of  type "alo" at z is, in analogy to eq. (2.5), 

P ig (z )  = 8qa3'bf(1 --Z) + f f (n)  ~ 7epab(z/7?) • (2.25) 
¢ 

The first term arises because the "ab"  p r imarymeson  state might be of  first rank 
(only i f  a = q, of  course, hence the delta function 8 aq) with probabil i ty  f (1  - z) 
times the chance, 7u, that the first new pair is of  the required type b. The second 
term occurs if  the "ab"  primary meson is not  of  first rank in hierarchy. The first 
pair might be c~ (with probabil i ty  7e) and leave a momentum r / to  the cascade o f  
quark c (_with probabil i ty f(r/))  in which cascade we find an "al~" state with proba- 
bil i ty pab(z/~) dz/~7. 

It is seen that  the flavor distribution of  the 2nd and higher rank primary mesons 
are independent  of  what quark started the cascade because we have assumed the 
new pairs are made with flavors independent of  the quark flavor that  makes the 
cascade. Defining a "mean quark" flavor to be (q), and equal to u, d, and s with 
probabil i ty 7, 7, and (1 - 27), respectively, we write 

P~)(z) = ~TcPcab(z)  • (2.26) 
C 

* It is not unreasonable that s~pairs axe formed less often than uu and dd, for s quarks may have 
a larger mass than u or d. For example, in a vector force field (e.g. F = eE where E is an elec- 
tric field and e is the charge on a particle) constant in space and time, the rate of production 
of pairs of particles of rest mass m and transverse momentum k± (k± is a two-dimensional vec- 
tor transverse to the direction of the field, the particle has transverse momentum k±, the anti- 
particle -k±) is, according to the Dirac equation, 

(P/2~) exp(-~(m 2 + k~)/~ d2kx/(2~)2 

per unit volume per second. Thus it is more difficult to make pairs of mass m by a factor 
exp(-lrm2/F). 
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The quantity P<q> appears on the right hand side of eq. (2.25) so multiplying by 7q 
and summing on q leaves 

P~<qbXz) = 7aTbf(1 -- Z) d,/,, (2.27) 

which, after comparing with (2.5), yields 

e~q~> (z) = "ravbF(z). (2.28) 

Thus if we know the distribution of primary mesons F(z) from quarks disregarding 
flavor, then those of flavor "ab" occur in the "mean quark" cascade with probabi- 
lities, 7a%, that the first and the second quark of the pair "al~" have the appropri- 
ate flavors. Only the contribution of the first-rank quark differs from the average. 
Substituting back into eq. (2.25) and integrating, one finds in general that 

P~b(z) = ~ q a ' Y b f ( 1  - - g )  + T a ' Y b F ( Z )  , (2.29a) 

where 

F(z) = F(z) - f(1 - z )  (2.29b) 

is the probability of finding a primary meson at z of rank higher than one, and F(z) 
and f(1 - z )  are the functions given in (2.21) and (2.23). 

To be more explicit, the distributions of primary meson states of flavor h from a 
quark q are given by 

Dq h (z) = Aq h f(1 - z )  + BhF(z), (2.30) 

where Aq h and B h = 5~q 7qAq h have the values given in table 1. For example, the 
quark content of an eta meson is given by r/= S cos BM + N sin 0M, where N 
= x/~2(u~ + rid) and S= sg. Thus, the quantity A~ is given by ½7 sin2 BM, where 7 
is the probability of producing a fi quark (flu pair) to combine with the initial u 
and ½ sin 2 0 M is the chance that this flu pair actually forms the desired r~. 

For now we shall assume all primary mesons are pseudoscalar mesons with no 
decays. To compare with FF1, we find from table 1 with 3' = 0.4 

~r + D(z) =Du (z) +D'~-(z) = 0.32ff(z) + 0.40 f(1 - z ) ,  

K + Ku(z) - D u  (z) +DuK-(z) = 0.16if(z) + 0.20f(l  - z ) ,  

(2.31 a) 

(2.31b) 

Ks(z) =DK+(z) +DK-(z) = 0.16if(z) + 0.40f(1 --z) ; 

in addition we have 

(2.31 c) 

if+ Du (z) - D~- (z) = 0.4 f(1 - z ) ,  (2.32a) 

K ÷ o .  (z) - D ~ - ( z )  = 0.2 f (1  - z ) ,  (2.328) 
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D K -  (z) - D K+ (z) = 0.4 f(1 - z ) ,  

K + ~r + Ou (z) = 0.5Du (z) ,  

(2.32c) 

(2.32d) 

DK-(z) = 0.5 D~-(z). (2.32e) 

These last two equations imply 

DKu- (z)/D K+ (z) = D~- (z)/D~ + (z), (2.33) 

which is what we assumed in eq. (3.7) of  FF1. In addition, we have 

D~-(z)/D~+(z) = 72F(z) 
7f(1 - z )  + 72if(z) ' (2.34) 

which approaches zero as z becomes large. This was another of  our assumptions in 
FF1 and here it is a consequence of  the property that at z = 1, the primary meson 
must contain the original quark (i.e., F(z) = f(1 - z) at z = 1 so if(z) ~ 0). 

For this case, where all the primary mesons are pseudoscalars with no subsequent 
decay, the best choice for parameter a in (2.21) and (2.23) is a = 0.88. This is deter- 
mined in fig. 3 by requiring that the model .(dashed curve) agree with the lepton 
data on the charged-particle distribution D~ (z) + Dh-(z) and with the earlier FF 1 
choice (solid curve). The value a is chosen so that Dh+(z = 1) +Dhq-(Z = 1) = 
0.6(1 - a) agrees with the FF1 curve at z = 1. 

The fraction of  the total momentum carried by each type of  primary meson is 
given by 

fge~lb(Z) dz = ~qag 'b  ~ + ') 'a ') 'b(1 - -  Z-), 

where 

(2.35) 

e= f zr(1 -z) (2.36a) 

is the mean momentum of the first hierarchy meson and is given by 

£ = ½ - ~a, (2.36b) 

for f(r/) as in (2.21). The momentum carried by the various hadrons with a = 0.88 
is given in table 2. In FF1 we did not include the 7/and ~7' explicitly and, as can be 
seen from table 2, if we allow the 7/and 7/' to decay then the model reproduces the 
results of  FF 1 quite closely. 

It is of  interest to ask how the charges of  the primary mesons are distributed 
along the direction of  the initial quark. Suppose we have some quantity such as 
charge Q, (or third component o f  isospin 13, or hypercharge Y) that can be calcu- 
lated.for a primary meson state additively from the quark content of  that meson 



R.D. Field, R.P. Feynman / A  parameterization o f  the properties of  quark lets 

101 

15 

~ 10 o 

~ lO-1 

10-2 
0.0 0.2 0.4 0,6 0.8 1.0 

h + Fig. 3. Comparison of the charged particle distribution D u (z) + Dh-(z) from the quark-jet 
model with a = 0.88, aps = 1, ~v = 0 (dashed curve) and with a = 0.77, '~ps = av = 0.5 (dotted 
curve) with the lepton data from fig. 6 of FF1 and with the distribution used in FF1 (solid line). 
(There is an error in the captions to fig. 6 and fig. 7a in FFI .  The ep data from Daken et al. has 
been averaged over the two Q2 bins 1.0 ~ O 2 ~ 2.0 GeV 2 and 2.0 < Q2 ~ 3.0 GeV 2 with 
12 < s < 30 GeV2.) o zN(e+e - ~ h±); o zN(ep ~ h±); + zN(vp ~ h±). 

such that  each quark  flavor, "a" ,  carries e a and each an t iquark  ~ cont r ibutes  - e  a. 
Then i f  we weigh each pr imary meson,  alS, by  its charge e a - eb,  we ob ta in  the net  
mean  charge dis t r ibut ion of  a quark jet .  Namely,  

(Qq (z)) = ~ (e a - eb)  P~b(z) = (eq - e<q>) f (1  -- z ) ,  (2.37) 
a ,b  

from (2.29),  where 

e<q> = ~ 7aea (2.38) 
a 

is the charge of  a " m e a n "  quark.  Thus the hadrons  in each je t  carry a total  mean  
charge, eq - e<q>, equal to the charge on the quark producing t h e j e t p l u s  a cons tant  
error, ---e<q>, propor t ional  to the deviat ion of  the probabi l i ty  of  p roduc t ion  of  new 
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Table 2 
Fraction of  the total m o m e n t u m  of  a u-, d- and s-quark carried by the primary mesons  (before 
decay, called direct) resulting from our jet  model  with a = 0.88, C~ps = 1.0, and av = 0.0. In addi- 
tion, the results are shown for the total mesons  (direct + indirect) after the r / and  r/' are allowed 
to decay. For comparison,  the values f rom table 2 of  FF1 are also given (see also table 6). 

a = 0.88, C~ps = 1 results FF1 results 

u d s u d s 

direct 

direct 
+ indirect 

,r + 0.23 0 . t 2  0.12 
~r0 0.17 0.17 0.12 
I t -  0.12 0.23 0.12 
total *r 0.51 0.51 0.35 
r /+ ~' 0.20 0.20 0.20 

7r + 0.26 0.15 0.15 
7tO 0.24 0.24 0.18 
l r -  0.15 0.26 0.15 
total ~r 0.65 0.65 0.48 

K + 0.11 0.06 0.06 
K 0 0.06 0.11 0.06 
K -  0.06 0.06 0.17 
gO 0.06 0.06 0.17 
total K 0.29 0.29 0.45 
7 0.06 0.06 0.06 

0.27 0.15 0.15 
0.21 0.21 0.15 
0.15 0.27 0.15 
0.63 0.63 0.45 

0.13 0.08 0.08 
0.08 0.13 0.08 
0.08 0.08 0.19 
0.08 0.08 0.19 
0.37 0.37 0.54 

1 pairs from the SU(3) value of  ½. For the case of  electric charge, we have e(q> = 3' - 
and thus the mean total charge of  a quark jet is 

(Qu) = 1 - 3' = 0.60 , 

(Qd) = -3 '  = - 0 . 4 0 ,  

(Qs)  = -3 '  = - 0 . 4 0  , 

(2.39) 

(2.40) 

(2.41) 

which is in close agreement with the empirically fitted values of  0.59, -0 .40 ,  and 
-0 .39 ,  respectively, found in FF 1. The mean total 13 is just the I 3 of  the quark, 
independent of  3' since 13 of  the mean quark is zero (u and d coming with equal 
weight). Hypercharge, Y is 2(Q - I3), so its mean for u- and d-quark jets is 0.2 and 
for s-quark jets is -0 .8 .  

The charge on the jet of  a "mean" quark is Eq 3'q (eq - e(q)) = 0 so that the sec- 
ond and higher hierarchy primary mesons carry no charge on the average. Thus, 
were it not for complications from secondary disintegrations, which we discuss 
later, the experimental determination of  the net mean charge, ~h ehDhq (z), where 
eh is the charge of  the hadron h, would give a direct measure of  the distribution of  
the first-rank primary meson,f(1 - z). 
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At first sight one might wonder why the total average charge of the hadrons is 
not that of the original quark, because after all, the new quark pairs qcl are each 
neutral. However, as pointed out by Rosner and Farrar [11] and by Cahn and Col- 
glasier [12], for a jet starting from a quark, each new pair has its antiquark going 
into a hadron of one lower rank in the hierarchy than does its quark. The new anti- 
quark has, on the average, the higher momentum. Thus, when we consider all the 
hadrons higher than some very small momentum z o (small enough to ensure that 
the mean number of positive and negative hadrons in dz are practically the same), 
we are counting more antiquarks than quarks. This makes no difference for isospin, 
since we have fi and d antiquarks equally likely, but the average electric charge of 
antiquarks is not zero but is given by e<~> = (_2_ 3 + ~)~' + ½(1 - 27). The ffquarks 
are not in their full number, ~, needed to cancel the average fi + d charge. Since, in 
counting charge, only mesons (we leave out the complication and slight numerical 
modification due to baryon production) are counted, the total number of  quarks 
and antiquarks counted must be exactly the same. Therefore, we must succeed in 
counting an excess of exactly one antiquark over quarks from the new pairs, to 
compensate the extra quark from which the jet started. Thus, the charges of all 
hadrons above z o exceed that of the original quark eq by the charge of one mean 
antiquark e<~> = -e<q) (about - ~  charge units). For this reason, the net charge of 
a "mean" quark jet is zero. This last result can also be seen in the following way. 
In a "mean" quark jet, all the mesons are formed out of  pairs of "mean" quarks 
and "mean" antiquarks. Any tendency of the antiquark of one new pair to combine 
with a quark of lower rank to make a meson has no effect, for that lower-rank quark 
is also a "mean" quark with the same probability of flavors as the antiquark. In the 
general case, charge imbalance can be seen, in the mean, only in the hadron contain- 
ing the original quark as indicated by (2.37). 

We now turn to the problem of generalizing the double-decay function in (2.12) 
to include the effects of correlations in flavor. We define 

Pt~b'cd(z1, Z2) dz I dz 2 = probability of finding a primary meson of flavor 
"al~" a tz  1 and one of flavor "cd" a tz  2 in a jet 
originated by a quark of flavor q when the primary 
meson at z 2 has a larger rank in hierarchy than the 
one at z 1 . (2.42) 

This probability is the sum of the following four pieces. 
(i) The probability that the primary meson at z I is of rank 1 and the primary 

meson at z 2 is of rank 2; given by 

dz2 (2.43a) ~qa'Yb~bc'Ydf(1 --  Z1)  dzlf(1 - z2/(1 - z l ) )  1 - z---~l 

For this term q -- a and b is arbitrary with probability "Yb, but then c = b and d 
comes with probability 3'd. The probability that Zl is rank-1 is f(1 - Z l ) d z l ,  and 
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then since 1 - zl  momentum is left, the probability that z 2 is second-rank (i.e., 
rank-1 in the remaining hierarchy) is f(1 - z2/(1 - z l )  ) dz2/(1 - z l ) .  

(ii) The probability that z I is o f  rank one, but z 2 is of  rank higher than 2: 

5qa')'b'}'c')'df(1 -- Zl)  dzlff(z2/(1 - z l )  dz-----L-2 (2.43b) 
1 - z  1 

For this case, the chance to get cd is now independent of  q, a, and b and is 7c"/d- 
(iii) The probability that the primary meson at zl  is not first in rank but higher, 

but the primary meson at z 2 is directly of  next rank to the one at z 1 : 

1 

?a'Yb*bc'Yd f g(r/) d r / f ( l - z l / r / )  dz----L1 f(1 -z2/(r/-7,1))dg_2g , (2.43c) 
77 l zl+g 2 

where the early primary mesons leave momentum 7/(with probability g(rl) dr/) and 
the next two primary mesons come as rank one and two. Here the flavor of  q has 
no affect, a and b come with probability 7a3'b, but c must equal b. We must,  of  
course, integrate over all remaining momenta  ,7. 

(iv) Neither the primary meson at z l  or z 2 is first in rank, nor are they adjacent: 

1 
'ya')'b3CcTd f g(r/) dr/f(1 --Zl/r/) - -~f f (Z2/ ( r  / -- ZI) ) dZ~2 (2.43d) 

z I +z 2 r/-- Z 1 

The complete double-fragmentation function for producing two hadrons of  flavor 
h I = al~ and h2 = cd is given by symmetrizing (2 .43a-d)  with respect to z l  and z2. 
Namely, 

•qab, c dr,, ~1,  z2) = P~b'ed(zl, Z2) + P~a'a6(z2, z l ) .  (2.44) 

2.6. The production o f  resonances 

Finally, we must decide in what nonet a primary meson is formed. We suppose 
that the pair of  quarks qcl is in the low pseudoscalar 0 -  configuration with the pro- 
bability aps, that it is a vector meson 1 - with probability av, a tensor meson 2 ÷ 
with probability at ,  etc. Then these objects are allowed to disintegrate as we know 
they should from the particle tables. 

We suppose that the choices of  the probabilities tx are dynamic and do not depend 
on the flavor. Although attempts have been made to determine from hadron exper- 
iments the production rate of, say, pO compared to zr ° at larger p±, the experiments 
are difficult to interpret. Indications are that p0 is roughly as likely as lr ° at high p± 
(see references in table 16) and that higher resonan.ces are less likely [13]. For 
definiteness for the present, we shall choose 

aps = tx v = 0 .5 ,  (2.45) 
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with no higher resonances * (a t = 0, etc.), which yields D°u°(z)/D~°(z) ~ 1 as z -+ 1. 
Future experiments may, however, indicate a better choice. 

2. 7. The Monte Carlo method 

2. 7.1. Recursive scheme 
The method of  Monte Cado generation of a complete quark cascade is clear. 

Suppose one starts with a quark of  flavor q and momentum I¢ o . Then 
(i) One generates a value o f T l  = 1 - z l  at random with probability given by 

f (7)  as in eq. (2.21). 
(ii) One generates a quark pair ut~, dd, or sg with probability 7, 7, and (1 - 2"),) 

(i.e., 0.4, 0.4, and 0.2), respectively. The first primary meson state is then of type 
qfi, qd, or qff depending on the pair chosen. 

(iii) One decides on the spin-parity of  the primary meson, according to (2.45), 
(i.e., pseudoscalar or vector with equal probabilities. 

The first primary meson is now of  momentum (1 - 71)Wo and of type qfi, qd 
or q~ depending on the choice made in (ii) and of spin depending on the choice 
made in (iii). This leaves, for the next  step, a quark of  type q2 = u, d, or s (depend- 
ing on the first quark pair chosen) with momentum Wx = 71Wo. The cycle beginning 
with (i)-(i i i)  is then repeated for this quark q2 with momentum W1. Another 7 
value is found and a new quark pair produced. This procedure is then repeated over 
and over until a desired point, to be discussed later (sect. 3 below), is reached. 

Finally, we add transverse momentum according to subsect. 2.7.2 and then let 
the vector mesons decay, each with its known characteristic kinematics and branch- 
ing ratios, as given in the particle tables. In addition, we allow the 77 and 7' mesons 
to decay. 

As discussed earlier, in choosing the spin-parity of the primary mesons (iii), we 
assume that aps and av are independent of  flavor. For example, a uti primary meson 
state is a Ir ° with probability Laps, an 7 with probability ~aps sin 2 0ps, an 7' with 
probability ~aps cos 2 Ors, a p-o with probability ½av, a co ~ with probability 
~av sin 2 0v and a q~o with probability l a v  cos 2 0v in agreement with table 1. The 
pseudoscalar and vector mixing angles 0ps and 0v are chosen to be 45 ° and 90 °, 
respectively. 

2. 7. 2. Including transverse momentum 
The hadrons arising from the cascade or fragmentation of  a quark do not  travel 

in precisely the same direction as the initiating quark (i.e., z direction). We expect 
that the transverse momentum of these hadrons remains limited as the quark's mo-' 
mentum becomes large;however, we really have no knowledge as to the precise 
manner in which the various hadrons share the transverse momentum. One can 
imagine several ways to distribute transverse momentum among the primary mesons 

* The theoretical idea that the quark spins combine randomly would recommend, rather, that 

~v = 3~ps. 
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in our jets. We will choose a particular way, not because we are sure it is nature's 
way, but for definiteness. Very few of  the results in this paper depend on this par- 
ticular choice. 

We will incorporate transverse momentum into our model by assuming that the 
quark-antiquark pairs oa~/which are produced to discharge the color field conserve 
transverse momentum in a pairwise fashion and have no net transverse momentum. 
The quark q/ in  the ith pair is assigned a transverse momentum q l i  and the antiquark 
the balancing momentum --q±i" The q l  i are distributed according to the Gaussian 
distribution 

exp(--q2t/2o~) d2q±. (2.46) 

Except for the first-rank primary meson, all primary mesons are given a transverse 
momentum that is the vector sum of  the transverse momenta of  the two quarks 
which form it. The first-rank primary meson is assigned a transverse momentum 
given by 

k±(1) = q±l - qzo '  (2.47a) 

the second-rank primary meson 

k±(2) = q±2 - q±l , (2.47b) 

and the rth-rank primary meson 

k±(r) = q±r - q±r - I  : (2.47c) 

The initial q±o is also generated according to (2.46). This is to insure that the first 
primary meson has the same mean square transverse momentum as the others. 

The net result is to produce a cascade of  primary mesons all of  which have the 
same distribution o f  transverse momentum at fixed z, a Gaussian with a mean 
(k~) = 2o 2 and 

(kl)primary mesons = N/~2ff° ' (2.48a) 

with 

o = X/2-Oq , (2.48b) 

since two quarks contribute to each primary meson. This method introduces a cor- 
relation between primary mesons of  adjacent rank, so that they tend to go oppo- 
sitely, the mean of  (k± 1 • k± 2) is - o  2 . There is no correlation between primary 
mesons whose rank is not adjacent. The physical ideas are reasonable enough, but 
the particular choice of  <(k±l • k±2)> = - o  2 is a pure guess. It is made so that the 
total perpendicular momentum of  the jet k±je t = k± 1 + k±2 + ... + k± N has a mean 
square which does not rise with N. 

In general, we could also contemplate another parameter giving the center of  
mass o f  the new pairs a Gaussian distribution. This has the affect of  decreasing the 
negative correlation coefficient (k± l • k±2)[x/ (k~ 1) (k~ 2) between adjacent-rank 
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p~mary mesons from the value - ~  to any value minus or plus up to +½ depending 
on parameters. In this case, extra rules would have to be added to keep the sum 
k±jet within bounds, and rather than risk complications, we do not do this. 

Our main aim for adding transverse momentum is to study the differences 
between the true rapidity Y and Yz = - In  z and to investigate the effect of reso- 
nance decays on the distributions of transverse momentum. In addition, it will be 
interesting to see if there is any experimental indication that primary mesons adja- 
cent in rank have negative transverse momentum correlations. Unfortunately, as 
we will discover in sect. 5, although the correlation is close in hierarchy, it is spread 
over a wide range in rapidity due to the mixing of rank in hierarchy and order in 
rapidity, and is further obscured by correlations between mesons coming from the 
decay of the same primary. 

The value of the deviation o in (2.48a) is chosen so that the finally observed 
charged pions (those produced directly as primary mesons plus those resulting from 
secondary decays of primary vector mesons) have a mean k± of 

(k±)Tr_+ = 323 MeV. (2.49a) 

This requires a choice of 

o = 350 MeV (2.49b) 

and results in 

(k±)primary mesons = 439 MeV. (2.49c) 

The difference between the mean transverse momentum of the primary mesons and 
the resulting observed pions is due to resonance decay and the significance of this 
will be discussed in detail in sect. 5. 

2. Z 3. Fini te-momentum lets 
When discussing the Monte Carlo method of generating jets, (i)-(iii) in subsect. 

2.7.1, we avoided mentioning at what point one terminates the iterations. The pro- 
cedure, as outlined, would produce a jet of  inf'mite momentum, an infinite number 
of particles, and an infinitely long rapidity plateau. For a jet of very large momentum 
P in the z direction, there is no problem. One merely continues to produce particles 
until all the available momentum P is used up. For large P, for any z not too small, 
Pz = zP is large enough that questions such as the difference between energy 
E = x/p2z + m 2 + P~ and Pz are not important. But what shall we do for real jets of 
finite momentum P? Even i f P  is a few GeV so that we can take it equal to the 
energy, for smaller z (say, z < 0.2), one has ambiguities. In the plateau, we know how 
to resolve such ambiguities. The dz/z = dpz/pz behavior in the plateau comes from 
relativistic phase-space factors multiplying matrix dements which are slowly varying 
so that the dz/z should be replaced by dpz/E. But this is exactly d(E + pz) / (E + Pz). 
We shall thus resolve all ambiguities by interpreting all variables ~, I¥, etc., to refer 
not to momentum but rather to the quantity E +Pz = Pz +x/P2z +m2 +P2t+ The 
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variable z in F(z) and f (1  - z) in eqs. (2.23) and (2. 21) with B = 1 - z and similarly 
in all our equations refers to 

z = (E +Pz)/(Eo +Pzo) ,  (2.50) 

where Eo + Pz o is for the initial quark. Since the initial quark will always have fairly 
large momenta, we can replace E o + pz o by 2P o, where Po is the initial quark mo- 
mentum. Eq. (2.23) should be reasonable as long as Pz is not too large negative. 

For energies large enough that a plateau region is developed, experience with 
inelastic hadron collisions shows us that scaling and limiting fragmentation hold 
approximately. This implies that a plot of hadron distributions versus rapidity 

Y= ~- ln((E + P z ) / ( E - P z ) )  = ln(E +Pz) - In m±, (2.51a) 

where 

m~ = m 2 +P~,  (2.51b) 

has a simple property. The distribution of particles moving to the right in, say, the 
c.m.s., are the same for different energy collisions if only the origin of the rapidity 
Y axis is shifted by Y0, the rapidity of the original right-moving beam. This is equiv- 
alent to the principle that the distribution of particles moving near one end and into 
the plateau, but not near the other end of the distribution, for one energy can be 
obtained from that of another energy simply by a Lorentz transformation in the 
direction. This is because such a Lorentz transformation by a velocity v simply mul- 
tiplies all E +Pz by a common factor, %/(1 - o)[(1 + o), and does not affect rapidity 
differences or E + Pz ratios. We shall assume that the same is true of our quark jets. 

Jets of finite momentum are produced by first generating "master" jets of very 
large momentum Po- Each primary meson has a mass mi, a perpendicular momen- 
tum Pli generated according to subsect. 2.7.2, and an Ei + Pzi determined from 

Ei + Pzi = z~(Eo + Po),  (2.52) 

where zi is generated by the procedures of subsect. 2.7.1. The primary mesons are 
then allowed to decay according to the rates in the particle tables and jets of finite 
quark momentum Pq are produced by computing a new or scaled (E + Pz)n~a, by 

(E +Pz)new = (E + Pz)old(Eq + Pq)/(Eo + Po) (2.53a) 

and keeping all f'mal mesons such that 

(Pz)new t> 0 .  (2.53b) 

Resonance decays are relatively simple to handle under this scheme. The primary 
mesons determined according to (2.52) are allowed to decay and the Lorentz trans- 
formations o f z  i are easy as already mentioned. The sum of the z's of the decay 
products are equal to the z of the parent. However, occasionally parents with 
Pzi < 0 will produce a decay product with Pz >10. We are defining our jets to have 
only forward-moving particles and thus include such decay products with Pz >I 0 
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Table 3 
Mean multiplicity of all particles (N), charged particles (Nch), positive particles (N+) and nega- 
tive particles (N_) for u-quark jets of various energies Pq resulting from the jet model with 
a = 0.77 and ~ps = av = 0.5. Also shown in the "correlation moment" f2 = (NOV - 1)) - (N) 2. 

Pq(GeV) 3.5 10 50 500 

(Nto t) 4.6 8.2 14.1 22.6 

/.tot -1.3 2.2 12.9 33.4 

(Arch) 2.7 4.8 8.2 13.0 

f~2 h -0.8 0.2 3.3 9.5 

(N+) 1.6 2.7 4.4 6.8 

f~ -0.8 -1.1 -1.2 -0.9 

iN_) 1.1 2.1 3.8 6.2 

f~- -0.4 -0.6 -0.6 -0.3 

even though the parent was moving backward. Likewise, we exclude backward- 
moving secondaries even if the parent was moving forward. 

Real quark jets cannot have both the energy and momentum of  a free quark of  
def'mite mass *. However, it must be remembered that all quark jets occur in pairs. 
In e+e - collisions, two jets result from the qq pair produced. In vp reactions, one 
jet results from the quark "knocked out"  of  the proton by the neutrino and the 
other from the "hole" that was left behind. In hadron-hadron collisions at high p±, 
according to the model in FF1, we may think of  a quark as being knocked out of  
the proton by another quark and "generating" a color field as the quark pulls away 
from the "hole" it left behind. This results in a four-jet structure as discussed in 
ref. [5] (hereafter called FFF).  Energy and momentum are conserved in the two- 
jet system n o t  for the single jet. Hence, any quantity like energy or k± that is not  
conserved in the single jet is balanced by its oppositely moving partner. 

Our quark jets do not precisely conserve energy or momentum. For example, 
aPq = 10 GeV quark jet produced in the above manner has mean values (Eto t) = 9.8 
GeV and (Pztot) = 8.6 GeV, where Etot and Pztot are the total energy and Pz of  all 
the hadrons in the jet. The mean value ofEto  t + PZto t does approach 2Pq at high 
momentum. Rather than compensate for the fact that our cut-off procedure yields 
Eto t + Pzto t less than 2pz at Finite Pq, we can interpret our jets as having an energy 
equal to Pq since this comes out closely the same without any adjustment. For all" 
Pq, the mean value ofEto  t - Pzto t is about 1.2 GeV, and (ktje t) is about 610 MeV, 
where k±jet is the total perpendicular momentum of  all the tiadrons in the jet. 

Finally, in table 3, we show the particle multiplicities resulting using the above 

* If one selects E + Pz of all hadrons in the. jet to equal the E + Pz of a large momentum initial 
quark, then E - Pz is equal to the mean density of particles in the plateau times the m L of 
the particles. See the discussion on p. 246 of ref. [14]. 
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cut-off prescription. The table gives the mean multiplicity of  all particles, charged 
particles, positive particles, and negative particles for a u-quark with energy 
Pq = 3.5, 10.0, 50.0, and 500.0 GeV, arrived at with a = 0.77 and aps = Cry = 0.5. 

2.8. The analytic approximation 

Although the Monte Carlo method is straightforward, some jet observables 
require the generation of  a large number of  typical jets in order to get sufficient 
statistical accuracy. In addition, it is very handy to have analytic formulas for easy 
analysis and understanding and so the reader can, without writing a Monte Carlo 
program, reproduce most o f  our results. For these reasons, we present approximate 
analytic solutions for those observables where analytic methods are not too diffi- 
cult. Details of  individual resonance decay are too tedious to handle exactly ana- 
lytically. What we have done is to assume all products of  vector meson decay are 
distributed as they would be in a two-body isotropic decay of  massless products; 
that is spread uniformly in z from 0 to the z of  the parent. Thus for all vector 
decays, we assume the daughter-parent relationship 

1 

f G(z/y) dy /y ,  (2.54) 2 
Z 

where G(z) is the distribution in z of  a daughter of  parents distributed in G(z). The 
integral of  (2.54) is easy for G(z) = F(z) or G(z) = f(1 - z ) ,  since if G(z) = z n then 
G(z) = 2(1 - zn)/n for n :/: 0 and - 2  In z for n = 0. 

The total distribution of hadrons is 

Froth(z) = %sF(z) + (2.55) 

and the distribution of the first-rank meson is 

ftotal(1 --Z) = tXpsf(1 -- Z) + Cry f(1 -- Z) ,  (2.56) 

where we assign all the decay products the rank in hierarchy of  their parent primary 
meson and where aps and o~ v, given by (2.45), are the relative strengths of  the pseudo- 
scalar and vector meson component.  The values of  %szF(z), apsf(1 - z), otvzF(z ), 
and a j ( 1  - z) are given in fig. 2b x~ith a = 0.77. As can be seen in fig. 3, the choice 
a = 0.77, aps = av = 0.5 produces a good fit to the lepton data on the charged par- 
ticle z distribution and compares well with the FF1 result. 

The distribution of  hadrons of  flavor h from a quark q is given by 

D~q(Z) = aps[A~f(1 - z) + ShF(z) ]  + av [.Ziqhf(1 - z )  + / ~ h F ( z ) ] ,  (2.57) 

where if(z) is the probability that the meson at z has any rank greater than one and 
is defined by (2.29b). (Similarly,/~(z) =/7(z) - f(1 - z).) The constants Aqh and/~h 
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are given by 
9 

= 

i=1 
(2.58a) 

9 

~h = ~ f l i~hgi ,  (2.58b) 
i=1 

where the sum is over all nine vector mesons and fli~h is the probability that one 
finds a daughter of  type h as a decay product of  a parent of  type i. The constants 
A~ and B h are as in (2.30) and are given in table 1 (for vector production one uses 
0 M = 0  v and for pseudoscalar production one uses 0 M = 0ps). The p and K* reso- 
nances decay 100% of  the time to mr and Klr, respectively, and the fli--.,h are easily 
calculable from isospin symmetry. The values used for fli--,h for 6o and ~b are given 
in table 4, where we approximate three-body decays by the two-body decay for- 
mula (2.54) but with fli--,h adjusted to give the correct frequency into the various 
mesons. For example, we take w ~ n+Tr-n ° and 60 ~ n°7 with a 90% and 10% rate, 
respectively, so that fltoo,r± = [(0.90) and flto--,,ro = ~(0.90) + ~(0.10). 

In addition, to agree better with the Monte Carlo results, we have also allowed 
the r~ and 7/' to decay. These decays are handled in the same manner (2.54) as the 
vector meson 6o decay but with the fli~h given in table 4. 

Fig. 4 shows a comparison of  the analytic approximation and the more precise 
Monte Carlo method. Agreement is good except for the pions resulting from the 6o o 
decay (similarly for three body 7? and 7'  decay modes) which have been approxi- 
mated by the two-body decay formula. The approximation for K *° ~ K ÷ does not 
agree as well as pO ~ rr+ due to the heavier mass of  the K. 

The inclusion of  re_sonance decays into the analytic formula for the double- 
decay distribution P~b'cd(Zl, z2) given by (2.42) and (2.43) is straightforward. One 

Table 4 
Probability fli~h to find a daughter meson of type h among all the decay products of a parent 
meson of type i 

Parent r/ r/' to q~ 
Daughter 

7r + 0.09 0.27 0.30 0.06 
~r0 0.40 0.24 0.35 0.06 
It- 0.09 0.27 0.30 0.06 
K + 0 0 0 0.24 
K ° 0 0 0 0.17 
K-  0 0 0 0.24 
~0 0 0 0 0.17 

For i = p and K*, fl/--*h is given by isospin symmetry assuming p ~ lr~ and K* ~ KIt 100% of 
the time. 
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Fig. 4. Comparison of the Monte Carlo results (a = 0.77, ~ps = '~v = 0.5) for some of the quark- 
decay functions, Dh(z), with the analytic approximation (solid curve). The number of p0, toO, 
~, and K *0 from a u-quark are shown together with the number of ~r + that have decayed from 
p0 and toO and the number K + from ~ and K* 0. (a) + zD(u --* p0); x zD(u --* pO -~ ~r+); (b) + 
zD(u ~ toO); x z D ~  -+ to o ~ lr+); (c) + zD(u ~ ~); x zD(u ~ ep ~ K+); (d) + zD(u ~ K*0); 
x zD(u .--,. K +0 ~ K+). 

merely replaces the F ( z )  and f(1 - z )  functions in (2.43) by the Ftotal(Z ) and 
ftotal(1 - z) functions in (2.55) and (2.56). From this Dhlh2(zl ,  Z2) is computed in 
a manner analogous to (2.57). In addition, however, one must add the contribution 
from the case where both the mesons at z I and z2 came from the decay of the 
same resonance (type hv) given by 

Bhv-*hl,h2DhqV(Zl + Z2 ) / (Z l  + Z2)  , (2.59) 

where DqhV(z) is the single-particle distribution of the parent h v and Bhv~hl,h 2 in its 
branching ratio into h 1 = ab and h 2 = cd. 
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Table 5 
Description of the parameters used in the model of quark jets and an explanation of how they 
are determined 

Parameter Description Determination 

a Parameter used to describe the func- 
tion f(~) = 1 - a  + 3a~ 2, which is the 
probability that the first-rank primary 
meson leaves a fraction of momentum 
r/ to the remaining cascade. 

The probability of producing a uff, dt], 
and s~pair is given by 3", 3", and (1 - 23'), 
respectively. 

Require that resulting charged 
distribution Dh±(z) fit the data 
shown in fig. 3. 

aps, C~v Relative probability of producing a 
p~udoscalar meson or a vector meson 
(Otps + a v = 1 ) .  

o Determines the <k±) of the produced 
primary mesons. 

0ps, 0 v Pseudoscalar and vector nonet mixing 
angles where ~(w) = S cos 0 + N sin 0, 
n'(~) = - S  sin 0 + N cos 0, with S = ss, 
N = ,4r~(uff + dd). 

fli~h Probability to find a daughter meson Use branching ratios in particle 
of type h among all the decay prod- tables. 
ucts of a parent vector meson of type 
i. 

Use the fact that at large P l  in pp 
collisions K+/~r + = 3" Requiring 
D~+(z)/D{I+(z) = I as z --, 1 then 
implies 3' --- 0.4. 

Experiments indicate that p0/n0 
1 at large p± in pp collisions so 

we choose aps = C~v = 0.5. 

Require (k±) n near 330. Means 
<k±)primary = 439 = x/~n o. 

Use 0ps = 45 ° and 0 v = 90 ° as 
simple numbers close to experi- 
ment. 

Our mode l  o f  quark  je ts  is thus comple te ly  de termined  by  the func t ion  f(~/), 

which we have parametr ized  by a parabola wi th  one parameter ,  a,  and the three addi- 

t ional  parameters ;  the degree that  SU(3)  is b roken  in the fo rmat ion  o f  n e w  q?:l pairs 

(7 in (2.24)) ,  the  spin-parity nature  o f  the pr imary mesons  (aps, cry in ( 2 . 4 5 ) ) a n d  

the mean  transverse m o m e n t u m  o f  the pr imary  mesons  (o in (2.48a)).  F r o m  this, all 

the proper t ies  o f  quark  jets  fol low. The parameters  o f  the mode l  together  wi th  a 

review o f  h o w  they  were de te rmined  is given in table S. We n o w  proceed to  examine  

the results o f  the mode l  in detail .  

3. Proper t ies  o f  the  " e n d "  of  the  quark  j e t  

3.1. Single-particle distribution Dhq (z) 

Figs..5, 6, and 7 show the single-particle quark-decay funct ions ,  Dh(z), resulting 

f rom our  new je t  mode l  wi th  a = 0.77 and Otps = t~ v = 0.5 together  wi th  the  analytic 
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Fig. 5. The quark-decay functions (a) zD(u ~ h + + h - ,  z); (b) zD(u ~ h*, z), + zD(u --; h+), 
× zD(u - h - ) ;  (c) zD(u -.., rr +-, z),  + zD(u ~ It+), × zD(u ~ ~r - )  ; and (d) zD(u ~ K +-, z), 
+ zD(u ~ K+), x zD(u ~ K-) ,  resulting from the quark-jet model with a = 0.77 and aps = av 
= 0.5 (points). Also shown is the analytic approximation (dotted curve) and the results ob- 
tained in FF1 (solid curves). 

approximation (dot ted  curve). For  comparison, the results arrived at in FF1 are also 
displayed (solid curves). The differences between the analytic calculations and the 
Monte Carlo results are because in the analytic approximation,  we have considered 
all decays as massless two-body decays. For  instance, as seen in fig. 4 the co -+ 31r 
decay is not treated correctly in the analytic approximation.  Nevertheless, the two 

methods agree quite closely. 
The decay functions in figs. 5, 6, and 7 agree well for the most part with the 

results from FF1.  There are, however, the following notable differences. 
(i) The new decay functions have 

K + ?T + D u - ( z ) / D u - ( Z  ) ~ 0 . 2 ,  (3.1) 
z ' *  0 
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Fig. 6. Same as fig. 5 but  for a d-quark. 

whereas the FF1 results yield a value of 0.8. Both have 

K + ~+ D u  - ( z ) / D . -  (z)  ~ 0.5, (3.2) 
g " - >  1 

by construction, since 3' = 0.4. The difference at small z is due to the many K* reso- 
nances that decay into kaons and pions. The new results are probably more reason- 
able than the FF1 values. 

(ii) The new approach yields 

D~ ÷ (z) > D~-(z) ,  (3.3) 

whereas in FF1 we assumed equality for simplicity. However, as discussed in FF1, 
(3.3) is expected. 

Table 6 gives the total fraction of momentum carried by the direct (primary) 
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Fig. 7. Same as fig. 5 but for an s-quark. 

mesons and by the final hadrons (direct + decay) for a u-, d-, and s-quark. These 
results can be compared to the FF1 values shown in table 2. 

In spite of the differences at small z between our new results and the FF1 results, 
they are not very different for large z (z t> 0.6). Since the large-p± single-particle 
predictions made in FF1 and most of the two-particle correlation results obtained 
in FFF (ref. [5]) are only sensitive to the large-z region of the quark decay func- 
tions, most of the predictions made in FF1 and FFF remain unchanged. Changes 
and improvements of the results of FF1 and FFF will be discussed in sect. 6. 

3. 2. Approach to the rapidity plateau 

Figs. 8, 9, and 10 show the number of hadrons, charged hadrons, positive hadrons 
and negative hadrons per 0.1 unit of Yz for a u-, d- and s-quark, respectively. We 



Table 6 
Fraction of total momentum carried by the direct-primary (before decay) mesons and the 
direct-plus-indirect (from a decay) mesons resulting from a u-, d- and s-quark in our jet  model 
with a = 0.77 and aps = ~v = 0.5 

Particle u d s 

Direct 

total 
-- direct 
+ indirect 

n + = p+ 0.12 0.06 0.06 
~.0 = po 0.09 0.09 0.06 
n -  = p -  0.06 0.12 0.06 
K + = K *+ 0.06 0.03 0.03 
K o = K*0 0.03 0.06 0.03 
K -  = K * -  0.03 0.03 0.09 
~o = ~*o 0.03 0.03 0.09 
n 0.05 0.05 0.05 
n' 0.05 0.05 0.05 
to 0.09 0.09 0.06 

0.01 0.01 0.04 

It + 0.29 0.19 0.19 
~r 0 0.26 0.26 0.20 
I t -  0.19 0.29 0.19 
K + 0.08 0.06 0.06 
K 0 0.06 0.08 0.06 
K -  0.04 0.04 0.13 
~0  0.04 0.04 0.13 
7 0.04 0.04 0.04 

total ~r 0.74 0.74 0.58 
total K 0.22 0.22 0.38 
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Fig. 8. The number of particles, charged particles, positive particles and negative particles per 
AY z = 0.1 resulting from a u-quark jet with a = 0.77 and aps = :'v "= 0.5, where Yz = - In  z. 
(a) + all particles; x charged particles; (b) + positive particles, x negative particles. 
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Fig. 9. Same as fig. 8 but for a d-quark jet. 
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Fig. 10. Same as fig. 8 but for an s-quark jet. 
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Fig. 11. Comparison of the number of charged particles per aYz = 0.1 versus Yz with the num- 
ber of charged particles per A Y = 0.1 versus }'end - Y for a u-quark jet, where Yz = -In z and 
Y is the true rapidity (2.51) and Yend is given by (3.6b) with mlo = 380 MeV. a = 0.77, ~ps 
= av= 0.5, °Y = ]'end - Y, xy=  Yz" 

have defined the "z rapidity", Yz, by 

Yz = - I n  z = - ln ( (E  + pz)/2Pq). (3.4) 

This is a convenient variable for us since it does not depend on the generated value 
of  the perpendicular mass, m±, in equation (2.5 lb). The usual rapidity, Y, is given 
by (2.5 la) and hence 

Y :  - Y z  + ln(2Pq/m±), (3.5) 

so that particles at the same Yz may be found spread a bit in Y because of  differ- 
ences of  mass and transverse momenta. It is usual to measure Y from some Yend at 
the high-momentum end of  the jet. For this one might expect to take ln(2Pq/mq), 
where mq is the mass of  the original quark, but this has no clear meaning. Alter- 
natively, data could be plotted using 

Ymax = ln(2Pq/mTr) (3.6a) 

for )'end since this is the maximum rapidity a pion of  the jet could have. These dif- 
ferences are, of  course, only shifts of  scale of  Y for convenience in plotting. In fig. 
11, we compare the Y e n d  - -  Y and Yz distributions, where we have chosen 

]'end = Ymax - ln(m±o/m~r), (3.6b) 

with m±o an arbitrary number chosen in an attempt to make the two distributions 
agree. The distributions are nearly identical with m±o = 380 MeV, the Yend -- Y dis- 
tribution being slightly steeper. (This value is close to the mean mi.)  

The model yields about 2.2 charged particles per unit rapidity in the plateau with 
equal numbers of  positive and negative particles. (Some multiplicities are given in 
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table 3.) Towards the "end"  of  the quark je t  (Yz <<- 3), on the other hand, the num- 
ber o f  positive and negative hadrons is not  the same and one can hope to discrim- 
inate among the quark flavors by observations in this region of  Yz. 

3.3. Distn'bution o f  charge 

Any single-quark jet  has an integral number of  hadrons and an integral charge. 
The average total  charge of  a u-, d- and s-quark je t  of  infmite momentum is nearly 
the charge of  the quark (for 3' = 0.4 we have 0.6, - 0 . 4 ,  and - 0 A  as shown in (2.39)). 
Table 7 shows the number of  times various total  je t  charges Q occur for 10 000 jets 
with energy Pq = 10 GeV. Jets initiated by  u-quarks are more likely to have 
positive total  charge than those init iated by d-quarks. For  example,  at Pq = 10 GeV, 
Q = +2 jets  occur ~ times more often for u-jets than for d-jets and Q = +4 jets occur 

Table 7 
Number of times various total quark-jet charge Q occurred for 10 000 quark jets with energy 
Pq = 10 GeV 

Charge Q u d s 

-4  7 39 42 
-3  42 231 227 
- 2  307 1094 1115 
-1  1291 2972 3009 

0 3118 3675 3661 
1 3460 1576 1483 
2 1398 340 390 
3 299 62 60 
4 64 6 7 

(Q) a) 0.54 -0.36 -0.36 

Same as above but observe only those hadrons with z • 0.1 

Charge Q u d s 

-4  2 0 6 
-3  20 88 74 
-2  258 710 781 
-1 1442 2969 3172 

0 3560 4125 4091 
1 3639 1742 1606 
2 967 342 255 
3 106 23 15 
4 6 3 0 

(Q) 0.39 -0.21 -0.28 

a) For int'mite momentum quark jets, the mean charge, (Q), is 0.60, -0.40, -0.40 for a u-, d- and 
s-jet, respectively. 
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about 10 times more frequently. The average t o t a l  charge, <Q>, for aPq = 10 GeV u- 
and d-jet is 0.54 and -0 .36 ,  respectively. Because of  the finite total momentum 
available (Pq = 10 GeV) summing only z > 0 does not yet  yield the full total mean 
charge 0.6 and - 0 . 4  expected. There is some overlap of charge into negative z. An 
interesting point is that the mean total jet charge (Q) is not precisely the same for 
each fixed multiplicity. As table 8a shows, the odd charged multiplicity jets (Arch = 1, 
3, etc.) have a mean charge (Q) that is somewhat larger than the jets of  even charge 
multiplicity (Arch = 2, 4, etc.). For an extreme example, for u-quark jets having only 
one charged particle (Arch = 1), that particle is positive about 13 times more often 
than it is negative ((Q) = 0.86). 

Unfortunately,  total jet charge is often a difficult quantity to measure experimen- 
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Fig. 12. Distribution of (a) charge Q, total Q = 0.6, (b) third component of isospin 13, total/3 
= 0.5, and (c) strangeness S, total S = 0.2, along the Yz (Yz = -In z) axis for a u-quark jet. Also 
shown are the analytic results (solid curves), a = 0.77, ~ps = av = 0.5. 
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Table 8a 
Number of times various total quark-jet charge Q occurred for 10 000 jets with momentum 
Pq = 10 GeV, where Nch is the charged multiplicity 

u d s 

Q > 0 5232 1984 1941 
all Q < 0 1650 4341 4398 
jets Q = 0 3118 3675 3661 

(Q> a) 0.54 -0.36 -0.36 

Q > 0 42o I02 81 
Nch = I Q < 0 31 287 341 
jets (Q) 0.86 -0.48 -0.62 

Q > 0 175 25 37 
Nch = 2 Q <  0 13 118 147 
jets Q = 0 591 799 839 

(Q> 0.42 -0.20 -0.22 

Nch = 3 Q > 0 1029 423 427 
jets Q < 0 266 883 937 

<Q> 0.64 -0.38 -0.41 

Q > 0 1462 346 397 
Arch = even Q < 0 314 1133 1157 
jets (Arch #: 0) Q = 0 3052 3535 3512 

(Q> 0.50 -0.33 -0.31 

Nch = odd Q > 0 3770 1638 1543 
jets Q < 0 1336 3208 3241 

(Q> 0.58 -0.40 -0.43 

a) For infinite-momentum jets <Q) = 0.60, -0.40 and -0.40 for a u-, d- and s-quark, respec- 
tively. 

tally. One can never be sure that  all the je t  particles have been included and that one 
has not  included extra background particles. A more tractable quanti ty experimentally 
is the total  charge of  all those hadrons in a je t  whose z value exceeds some threshold. 
As shown in tables 7 and 8b, charges defined for Pq = 10 GeV and z i> 0.1 have the 
same characteristics as the complete je t  but  the magnitudes are smaller. The average 
total  charges (z I> 0.1) are 0.39 and - 0 . 2 1  for a u- and d-jet, respectively. 

Figs. 12, 13, and 14 show the distril~ution of  charge Q, third component  of  isospin 
13, and strangeness S (of  course, S = 2(Q - 13)) along the Yz axis for a u-, d- and s- 
quark, respectively. As discussed in subsect. 2.5 and given by (2.37), these quantities 
are related to the distribution of  the first-rank primary meson,f(1  - z ) ,  and the inte- 
grated values are given by (2.39), (2.40), and (2.41) (with S = Y since we have no 
baryons among the resulting hadrons). Also shown in these figures is the analytic 
approximation.  As can be seen, the charge, isospin, and strangeness are distributed 
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Table 8b 
Same as table 8a except only hadrons with z > 0.1 are observed 

37 

u d s 

Q > 0 4718 2110 1876 
all Q < 0 1722 3767 4033 
jets Q = 0 3560 4123 4091 

<Q) 0.39 -0.21 -0.28 

Arch = 1 Q > 0 2624 1205 1090 
jets Q < 0 936 2120 2272 

(Q> 0.47 -0.28 -0.35 

Q > 0 871 309 240 
Nch = 2 Q < 0 229 651 713 
jets Q = 0 2383 2557 2402 

(Q> 0.37 -0.19 -0.28 

Nch = 3 Q > 0 1101 551 522 
jets Q < 0 512 918 949 

(Q> 0.47 -0.33 -0.37 

Q > 0 973 345 255 
Nch = even Q < 0 260 710 787 
jets (Nch 4: 0) Q = 0 2607 2792 2643 

(Q> 0.37 -0.19 -0.29 

Nch = odd Q > 0 3745 1765 1621 
jets Q < 0 1462 3057 3246 

(Q> 0.47 -0.29 -0.36 

over a considerable range in Yz. The quark quantum numbers are spread over almost 
4 units of  Yz, which will make it difficult to determine them experimentally.  

One of  the most important  experimental  questions about high-p± hadron colli- 
sions is whether the jets  really come from quark cascades as we have supposed in FF1 
and F F F ,  or possibly from other types of  objects such as gluons or di-quarks. We have 
calculated the flavor of  the quarks to be expected under various circumstances (see 
fig. 25 of  F F F ) .  When the characteristics of  the quark jets  of  definite flavor in lepton 
experiments are known, the details can be checked against the jets observed in hadron 
experiments.  But what should we measure to most readily identify the flavor of  a 
quark je t :  the total  charge, the charge of  the fastest hadron,  of  the fastest two? We 
have used our model  for a "s tandard"  je t  as a kind of  laboratory o f  typical  jets  to 
test various ideas. The following sections on the flavor properties of  the jets,  there- 
fore, contain very detailed information from these studies on various quantities 
which have been selected because they are easy to measure experimental ly or because 
they are expected to differ as much as possible for u- and d-flavor jets. 
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Fig. 13. Same as fig. 12 but for a d-quark jet. (a) Total Q = -0.4, (b) totall 3 = -0.5, (c) total 
S= 0.2. 

3. 4. Fastest-particle analysis 

It is interesting to ask about the fraction of momentum, z, carried by the fastest 
hadron (largest z) when a quark fragments into hadrons in an unbiased fashion. Figs. 
15 and 16 show the z distributions of various hadrons fragmenting from a u-quark 
of energy l0  GeV resulting from the model where, by first and second, we 
mean fastest (largest z) and second-fastest (next-largest z). These figures and table 9 
show that for a u-quark jet, the fastest hadron carries on the average only 39% of 
the quark momentum and the fastest charged hadron only 30%. Fig. 17 and table 10 
show that for a u-quark, the fastest charged hadron carries 54% of the total charged 
momentum with the second fastest charged particle taking about 21%. (All charged 
particles carry on the average about 57% of the u-quark momentum.) The fastest two 
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Fig. 14. Same as fig. 12 but for an s-quark jet. (a) Total Q = -0 .4 ,  (b) to ta l /3  = 0.0, (c) total 
S : -0.8.  
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Table 9 
Mean values o fz  for hadrons fragmenting from a u-, d- and s-quark of energy Pq = 10 GeV 

u d s 

fastest hadron 0.39 0.39 0.38 
2nd-fastest hadron 0.18 0.18 0.19 
3rd-fastest hadron 0.11 O.11 0.11 

fastest charged 0.30 0.28 0.27 
2nd-fastest charged 0.12 0.12 0.12 
3rd-fastest charged 0.06 0.06 0.06 
all charged 0.57 0.54 0.52 

fastest positive 0.25 O. 17 O. 15 
2nd-fastest positive 0;07 0.04 0.04 
3rd-fastest positive 0.02 0.01 0.01 

fastest negative 0.15 0.22 0.22 
2nd-fastest negative 0.04 0.06 0.06 
3rd-fastest negative 0.01 0.02 0.02 
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Fig. 15. The predicted z distr ibutions o f  various hadrons in a u-quark jet  with Pq = 10 GeV, 
where first and second refer to the  fastest (largest-z) and second fastest (next  largest-z), not 
to rank in hierarchy, a = 0.77,  aps  = "v  = 0.5. (a) + First  particle ((z) = 0.39),  X second particle 
((z) = 0.18); (b) + first charged ((z> = 0.30),  X second charged ({z) = 0.12), (c) first two particles 
((z) = 0.57), (d) first two charged ((z) -- 0.42). 

Table 10 
Mean values o f z  R for hadrons fragmenting from a u-, d- and s-quark o f  energy Pq = 10 GeV, 
where z R = z/zeh and Zeh is the sum of  the z of  all charged hadrons 

u d s 

Fract ion of  jets  with at 
least one charged particle 0.993 0.986 0.985 

fastest  charged 0.54 0.53 0.53 
2nd-fastest charged 0.21 0.22 0.22 

Fraction o f  je ts  with at 
least one positive particle 0.988 0.943 0.932 

fastest  positive 0.45 0.31 0.30 
2rid-fastest positive 0.12 0.08 0.08 

Fract ion o f  jets  with at 
least one negative particle 0.929 0.973 0.972 

fastest  negative 0.27 0.41 0.42 
2nd-fastest negative 0.07 0.11 0.11 



R.D. Field, R.P. Feynman / A parameterization of  the properties of  quark ]ets 41 

4 

~ 2 

a3 

1 

÷ 

0 

:÷ (a) , (b) 

, ++ 

(c) 

+ 

,++ 

÷ (d) 

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0  

Fig. 16. Same as fig. 15, continued. (a) + First positive (<z> = 0.25), X second positive (<z> = 0.07); 
(b) + First negative ((z) = 0.15), X second negative (<z> = 0.04), (c) all charged (<z) = 0.57), 
(d) + First two positive ((z> = 0.32), ×first  two negative (<z> = 0.19). 

charged hadrons ina u-quark jet carry about 75% of the total charged momentum. 
Roughly, the fastest charged hadron takes, on the average, half the charged momen- 
tum; the second fastest charged hadron takes half the remaining charged momentum, 
etc. This feature of the model is in agreement with experimental observations of jets 
produced in z,p interactions [15] as seen in fig. 19. 

We might have expected, from the point of view from which we began, that the 
primary meson containing the original quark would be likely to have a large fraction 
of that quark's momentum. Yet the function f(1 - z )  in eq. (2.21) shows this pri- 
mary meson to be more likely to have less than half of the initial quark's momentum. 
In fact, from (2.36) the average is less than a third of the jet momentum (for a = 0.77). 
Because of this, there is a considerable difference between rank in hierarchy and order 
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Fig. 17. The predicted z R distributions of  various hadrons in a u-quark jet  with Pq = 10 GeV, 
where z R is the  relative fraction of  charged m o m e n t u m  defined by z R = Z/Zch where Zeh is the 
sum of  the z ' s  of  all charged particles in the jet. As in figs. 15 and 16, first and second refer to 
order in z not to rank in hierarchy, a = 0.77, ~ps = av = 0.5. (a) + first charged ((z R> = 0.54), 
× second charged ((z R) = 0.21),  (b) first positive (<z R) = 0.45),  × first negative ((ZR> = 0.27), 
(c) first two charged ((z R) = 0.75), (d) + first two positive ((ZR) = 0.57), × first two negative 
(<z R) = 0.34). 

Table 11 
Number  of  t imes the fastest  (largest-z) hadron occurred with rank r (r = 1 . . . . .  5) for 10 000 
u-quark jets  

Rank r Unbiased z ~ 0.5 z ;~ 0.75 

I 4267 1345 340 
2 2566 564 97 
3 1506 197 23 
4 795 56 3 
5 436 17 0 

Mean rank 2.3 1.7 1A 

All the decay products  of  a particular pr imary meson are assigned the rank of  that  meson.  
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Fig. 18. Same as fig. 17 bu t  for a d-quark jet. (a) + first charged ((ZR} = 0.53), X second charged 
((ZR) = 0.22),  (b) + first positive (<ZR) = 0.31), X first negative ((zR> = 0.41),  (e) first two 
charged ((ZR> = 0.75),  (d) + first two positive ((ZR> = 0.39),  × first two negative ((ZR> = 0.52). 

in rapidity (or z). It is relatively easy for the first-rank primary meson to leave the 
remaining cascade with a large momentum and thus to end up with a momentum less 
than some subsequent (higher-rank) meson. Table 11 shows that the fastest hadron 
from an unbiased u-quark jet is the first-rank meson only 43% of the time. However, 
as one selects on events where the z of the fastest hadron is large, it becomes more 
likely that it is of rank-one in hierarchy. For z 1> 0.75, this probability increases to 
73% becoming 100% at z = 1. 

An interesting property of a jet, that has not yet been tested experimentally, is 
how the fraction of momentum carried by the fastest hadron in a jet depends 
on the charge of that hadron. In our model, for a u-quark, the first-rank primary 
meson can be positive or neutral, not  negative. A negative hadron can arise only 
further down the hierarchy chain (rank greater than one) or from the decay of a 
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Fig. 19. Comparison of the predicted distributions of z R for the fastest, second-fastest and 
fastest two charged hadrons in a u-quark jet (points) with data from vp ~/~-  + jet + X (ref. 
[15], solid curve), where z R is the relative fraction of charged momentum as in fig. 17. (Note 
that in this figure, the theory are the points with errors and the data are represented by the 
solid curves. ) a = 0.77, aps = av = 0.5,Pq = 10 GeV. x first charged, <> second charged, + first 
two charged, - -  neutrino data. 

rank-one neutral resonance. Because of  this, the fastest positive hadron in a u-quark 
jet carries, on the average, a larger portion of  the total momentum (45%) than does 
the fastest negative hadron (27%). Results of  this type are tabulated in table 10 and 
illustrated in figs. 17 and 18. The fastest two positives in a u-quark jet carry 57% of  
the charged momentum, whereas only 34% is carried by the fastest two negatives. 
For a d-quark jet, the situation is reversed (see fig. 18); the fastest two negatives 
carry 52% of the charged momentum compared to 39% for the fastest two positives. 
These predictions should be easy to check by comparing the jets produced in 
z~p ~ / ~ -  + jet which are predominantly u-quark jets to those produced in ~p ~ /a  + 
+ jet which are predominantly d-quark jets. 

A similar interesting and easily measured observable is the flavor of  the fastest 
(largest-z) hadron. As table 12 shows, for a u-quark jet the fastest hadron is posi- 
tive 42% of the time and negative only 20% of  the time; the rest of  the time, it is 
neutral. For a d-quark, on the other hand, the fastest hadron is positive 24% of  the 
time and negative 34% of  the time. The average charge of  the fastest hadron in a u- 
and d-quark jet is about 0.23 and -0 .10 ,  respectively. The fastest hadron does 
"remember" to some extent the flavor of  the quark that initiated the jet. Table 12 
also shows the relatively large portion of  strange particles predicted in our jets. For 
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Table 12 
Number of times the various hadrons occured as the fastest (largest-z) particle for 10 000 
quark jets with energy Pq = 10 GeV. Also shown are the average charge Q, third compo- 
nent 13, and strangeness S of the fastest hadron 

45 

Fastest hadron u d s 

n+ 3194 1645 1447 
no 2411 2462 1536 
n -  1511 2888 1356 
K + 1055 707 528 
KO 600 1062 517 
K -  466 473 2165 
~o 458 458 2174 

305 305 277 

h + 4249 2352 1975 
h -  1977 3361 3521 
h 0 3774 4287 4504 
h+/h- 2.15 0.70 0.56 

ave Q 0.227 -0.101 -0.155 
ave/3 0.191 -0.143 0.010 
ave S 0.073 0.084 -0.329 

a u-quark jet, the fastest hadron is a strange particle (K ÷ , K ° ,  K - ,  ~o)  about 26% 
of the time. 

3. 5. Correlations between the fastest two charged hadrons 

Although there is a considerable difference between rank in hierarchy and order 
in rapidity (or z), the hadrons in our jets do not  completely "forget" the underlying 
hierarchy structure shown in fig. 1. The charge correlations between the fastest two 
charged hadrons, where h I is the fastest charged hadron and h 2 is the second fastest 
charged hadron and where neutrals are ignored, shown in tables 13a and 13b are a 
result of the underlying hierarchy structure and resonance decay effects. The combi- 
nation h I = +, h 2 = - occurs more often than h i = +, h 2 = + and h t = - ,  h 2 = + 
occurs more often than h 1 -- - ,  h 2 = - .  In fact, for a u-quark jet,  the unlike sign 
configuration occurs almost twice as frequently as the like sign configuration. It is 
very unlikely for two negatives (positives) to occur as the fastest two charged par- 
ticles in a u-quark (d-quark)jet  ( - -  = 7% for a u-quark and ++ = 10% for a d-quark). 

3. 6. Determining the flavor o f  the quark 

As we have seen, there are differences in the distribution of charge, total charge, 
fastest hadron, and correlations between the two fastest charged hadrons depending 
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Table 13a 
Number of times various charge combinations occurred for the fastest (largest-z) two-charged 
hadron hl ,  h 2 (h 1 = fastest charged hadron, h 2 = second fastest charged hadron) that frag- 
mented from 10 000 quark jets with Pq = 10 GeV 

hi h 2 u d s 

+ + 2594 965 845 
+ - 3608 3024 2743 
+ none 420 102 81 
+ arbitrary 6622 4091 3669 

- + 2550 3515 3648 
- - 731 1967 2193 
- none 31 287 341 
- ~bitrary 3312 5769 6182 

none none 66 140 149 

Same as above but Zhl ~ 0.5 

h I h 2 u d s 

+ + 395 61 48 
+ - 588 368 233 
+ none 151 11 4 
+ ~bi~ary 1134 440 285 

- + 264 520 474 
- - 36 226 264 
- none 4 99 84 
- ~bitrary 304 845 822 
none none 8562 8715 8893 

on whether  the j e t  is ini t iated by a u-, d- or  s-quark. The differences in the hadron  

charge distr ibutions can only be seen i f  one has a large statistical sample o f  je ts  o f  

one particular quark type.  It  is interest ing to see i f  a cr i ter ion exists that  allows one 

to determine the flavor o f  the quark  j e t  on an event-by-event  basis. Clearly,  any cri. 

te f lon  for f 'mi te -momentum jets  will no t  work  perfect ly ,  so in order to compare  the  

usefulness o f  various criteria, we define a reliabili ty by 

reliability = (N T - NF)/(/VT + N F ) ,  (3.7) 

where N T  refers to  the number  o f  t imes the cr i ter ion correct ly  identifies the flavor 

o f  the je t  f rom a sample containing an equal  mix ture  o f  u- and d-quark je ts  and N F  
is the number  o f  t imes it  is incorrect .  I f  the cr i ter ion succeeds as o f ten  as it fails, 

the  reliabil i ty is zero.  The  cr i ter ion may  only apply to a sub.sample o f  the jets  so 

we define an eff ic iency by  

eff ic iency = (N T + N F ) / ( t o t a l  number  o f  j e t s ) .  (3.8) 
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Table 13b 
Same as table 13a except that only hadrons with z ;~ 0.1 are observed 

47 

h I h 2 u d s 

+ + 1421 560 432 
+ - 2006 1833 1610 
+ none 2624 1205 1090 
+ arbitrary 6051 3598 3132 

- + 1618 1891 1978 
- - 442 1060 1170 
- none 936 2120 2272 
- arbitrary 2996 5071 5420 

none none 953 1331 1448 

Same as above bUtZhl ) 0.5 

h 1 h 2 u d s 

+ + 158 33 12 
+ - 253 225 140 
+ none 723 182 133 
+ arbitrary 1134 440 285 

- + 174 217 220 
- - 14 98 111 
- none 116 530 491 
- arbitrary 304 845 822 

none none 8562 8715 8893 

For  example ,  i f  we say t h a t  all j e t s  where  the  fas tes t  charged  h a d r o n  is posi t ive  are 

u -qua rk  j e t s  and  all j e t s  where  i t  is negat ive  are d -quark  je t s ,  t h e n  for  Pq  = 10 G e V  

the  re l iabi l i ty  is a b o u t  0 .25  and  the  e f f ic iency  is 99% ( o n l y  1% o f  the  j e t s  c o n t a i n  

n o  charged  par t ic les) .  One  can  increase the  rel iabi l i ty  b y  lower ing  ef f ic iency.  Using  

the  same c r i t e r ion  b u t  app ly ing  i t  on ly  to  those  je t s  t h a t  have  one  cha rged  par t ic le  

w i th  z i> 0.5 yields  a re l iabi l i ty  o f  0 .45 b u t  an ef f ic iency  o f  on ly  14% *. In  tab le  15, 

we list  o t h e r  cr i ter ia  t oge the r  wi th  the  rel iabi l i ty  and  e f f ic iency  for  an  equa l  m i x t u r e  

o f  u- and  d -quark  j e t s  w i t h  Pq = i 0  GeV.  

* One disadvantage of the criterion which only can be applied to a small fraction of jets (low 
efficiency) is, of course, lower counting rate. But a much more serious difficulty is the bias 
introduced by not knowing experimentally the difference between a u-jet and a d-jet in the 
fraction of times the criterion can be applied. We could, of course, calculate these efficiency 
differences for our "s tandard"je t  but we would not know whether they were right experi- 
mentally. The uncertainties are least if the efficiency is high. 
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Table 14 
Number of times various weighted quark charge Qw(P) occured for 10 000 quark jets with 

= 10 GeV, where Qw(P) = £/N=I z~qi with qi and z i the charge and z value of the ith energy eq 
hadron in a quark jet with N charged hadrons. Results are given for p = 0.2 and 0.5 and arm s is 
the root-mean-square deviation from the mean. 

Weighted charge u d s 

p=0 .2  

Qw~ 0 7197 3499 3322 
Qw< 0 2737 6361 6529 
(Qw) 0.39 -0.25 -0.27 
arm s 0.68 0.66 0.67 

p=0.5  

Qw~ 0 7172 3601 3320 
Qw < 0 2762 6259 6531 
<Qw) 0.26 -0.15 -0.18 
arm s 0.43 0.42 0.41 

Same as above but observe only hadrons with z ~ 0.1 

p=0 .2  

Qw~ 0 6172 3482 3045 
Qw< 0 2875 5187 5507 
<Qw) 0.34 -0.19 -0.26 
arm s 0.76 0.77 0.75 

p= 0.5 

Qw ~ 0 6168 3486 3039 
Qw< 0 2879 5183 5513 
(Qw) 0.24 -0.14 -0.18 
arm s 0.52 0.53 0.51 

From table 15, one sees that none of  the first fourteen criteria listed gives a very 
high reliability while still maintaining a reasonable efficiency. This is because the rank 
in hierarchy and the order in momentum are considerably mixed up as discussed 
earlier and witnessed by table 11. The highest reliability with a large efficiency is 
obtained by assigning jets with total charge Q > 0 as u-quark jets and jets  with Q < 0 
as d-quark jets. The reliability is 0.45 with a 66% efficiency. Unfortunately,  the total  
charge on a quark jet  is not easily measured since it depends on including all the for- 
ward moving low-momentum hadrons which are difficult to measure without  also 
including background from other sources. A quanti ty easy to measure experimentally 
is the total  charge of  all those hadrons in the je t  which have z i> 0.1. The reliability, 
however, now decreases to 0.38. I f  one wants to apply this criterion to all the events 
with Q = 0 jets  assigned as d type,  then the reliability decreases even further to 0.26 
(number 8 in table 15). 

The mean total charge of  a large momentum u-jet is 0.60 and a d-jet is - 0 . 4 0  
differing by 1.0. This would seem to permit  a clear separation of  these jets. However, 
even with a jet  of  extreme momentum,  the total charge Q of  all hadrons o f P  z > 0 
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Table 15 
Various criterion for determining the  flavor of  the quark initiating the jet for an equal  mixture  
of  Pq = 10 GeV u - a n d  d-quark je ts  together with the reliability = ( t rue - fa l se ) / ( t rue+  false), 
where " t rue"  refers to the  number  of  t imes the criterion succeeded in selecting the correct 
flavor and "false"  to the number  of  t imes the criterion failed. The efficiency is the number  of  
jets  ( true+false)  to which the criterion can be applied divided by the total  number  of  jets  gen- 
erated. 

Criterion Reliability Efficiency 

1. fastest hadron positive ~ u-jet 0.27 
fastest  hadron negative ~* d-jet 

2. fastest  charged hadron positive = u-jet 0.25 
fastest  charged hadron negative ~ d-jet 

3. charged hadron with z ;~ 0.5 is positive ~ u-jet 0.45 
charged hadron with z } 0.5 is negative = d-jet 

4. fastest  two charged hadrons  are bo th  positive ~ u-jet 0.46 
fastest  two charged hadrons  are bo th  negative =* d-jet 

5. total  charge of  jet  Q > 0 =} u-jet 0.45 
total charge of  jet  Q < 0 =* d-jet 

6. same as 5 but  only observe hadrons  with z } 0.1 0.38 
7. total  charge of  jet  Q > 0 =~ u-jet 0.33 

total  charge of  jet  Q < 0 ~ d-jet 
8. same as 7 but  only observe those hadrons with z ;* 0.1 0.26 
9. for Arch = 1 jets  Q > 0 ~ u-jet 0.68 

for Nch = 1 jets  Q < 0 ~ d-jet 
10. for Arch = 3 jets  Q > 0 =} u-jet 0.47 

for Arch = 3 jets  Q < 0 =* d-jet 
11. for Arch = odd je ts  Q > 0 ~ u-jet 0.40 

for Nch  = odd jets  Q < 0 =, d-jet 
12. same as 9 but  only observe hadrons  with z ~ 0.1 0.38 
13. same as 10 but  only observe hadrons  with z > 0.1 0.31 
14. same as 11 bu t  only observe hadrons  with z > 0.1 0.36 
15. "weighted"  charge Qw(P --" 0.2) ~ 0 ~ u-jet 0.37 

"weigh ted"  charge Qw(P = 0.2) < 0 ~ d-jet 
(see eq. (3.9)) 

16. "we igh ted"  charge Qwfp  = 0.5) ;~ 0 ~- u-jet 0.36 
"weigh ted"  charge Qw(P = 0.5) < 0 ~, d-jet 

17. same as 15 but  only observe hadrons  with z } 0.1 0.28 
18. same as 16 but  only observe hadrons  with z ~ 0.1 0.28 
19. "weigh ted"  charge Qw(P = 0.2) ~ 0.4 ~ u-jet 0.51 

"weigh ted"  charge Qw.(P --- 0.2) < - 0 . 3  ~, d-jet 
20. "we igh ted"  charge Qw(P - 0.5) } 0.4 =, u-jet 0.58 

"weigh ted"  charge Qw(P = 0.5) < - 0 . 3  ~ d-jet 
21. same as 19 but  only observe hadrons  with z } 0.1 0.38 
22. same as 20 bu t  only observe hadrons  with z ~ 0.1 0.40 

60% 

99% 

14% 

31% 

66% 

62% 
I00% 

100% 
4% 

13% 

50% 

34% 
15% 
50% 
99% 

99% 

89% 
89% 
63% 

46% 

62% 
55% 
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must be an integer and thus a random variable. There is an unavoidable noise depend- 
ing on whether a particular charged particle in the plateau happens to have Pz greater 
or less than zero. Even though the plateau is neutral and all the difference of u- and d- 
quark jets lies far away at higher z, one is trying to sum a long series like +1-1+1+1-1 
+ 1 - 1 - 1  ... not knowing where to stop, but knowing only that +1 and - 1  become 
more and more equally likely to occur as we go further down the series (to lower z). 
The proper thing to do is, of course, the analogue of Abel summation, weigh the 
terms with a gradually decreasing weight as we go down the series. If  the weight falls 
gradually enough from unity at the beginning, the excess charge there will be accu- 
rately picked up. However, the random +1 far down where the weight has fallen 
toward zero will produce no fluctuations. That is, if particle i has "z rapidity" Yz i 
and charge qi, we form the "weighted" charge 

Qw(p) = ~ qi exp(-pYz  i) = ~ zPqi , (3.9) 
i i 

where p is a small number. This quantity will have a mean (close to (Q) as p ~ 0) 
distinct for u- and d-quark jets. Furthermore, the "noise" or fluctuations expected 
from having to stop the sum below some f'mite Zmi n is +gPin which can be made 
small as long as Zmi n can be made small enough. 

For a given experimental circumstance, however, Zmi n is fixed and the criteria 
that p be small and that ZPmin alSO be small are opposed. For sufficiently small Zrnin 
there is no problem, but because of the wide fluctuations in rapidity that the par- 
ticles in our model suffer, we have found that in practice the method does not work 
as well as we hoped. For groin = 0.1, with p = 0.5, for example, the fluctuating un- 
certainty gPmin is 0.3 times less than the gross sum Q = ~ qi ; but such a large p means 
that Q(P) does not average as large as (Q). Even worse is that for such a large p the 
contributions of high-z particles depend so strongly on the precise z value they 
actually have. 

Figs. 20 and 21 show the distribution of Qw (/7) with p = 0.2 and 0.5, respectively, 
for a u- and d-quark jet of energy Pq = 10 GeV (including all hadrons with 
Pz > 0). The p = 0.2 distributions are considerably broader than the p = 0.5 case; 
however, the former has mean values ~Qw) that are more widely separated 
(~Qw)u - (Qw)a = 0.64 for p = 0.2 and only 0.41 for p = 0.5). In both cases, there 
is a clear separation of the u- and d-jets. By the use of table 14, we fred a reliability 
of 0.37 if we assign jets with Qw f> 0 as u-quark type and those jets with Qw < 0 as 
d-quark type with p = 0.2. The efficiency of this criterion is excellent (99% since we 
include only those jets with at least one charged hadron). One can obtain a higher 
reliability (but lower efficiency) by excluding from consideration those jets with Qw 
values occurring in the overlap region of the u- and d-quark jet distributions. For 
example, table 15 shows that if we assign jets with Q~v t> 0.4 as u-type and those 
with Qw < -0 .3  as d-type, then fo rp  = 0.5 we get a 58% reliability with 46% effi- 
ciency. This "weighted" charge technique gives us better reliability factors than the 
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Fig. 20. Predicted distribution of weighted quark charge QW(P) for a u- (+) and d-quark (X) jet 
with Pq = 10 GeV, where Qw(P) = ~ 1 z~qi with z I and qi being the z value and charge of the 
ith hadron and where the sum is over all hadrons in the jet with Pz ~ O. The value of the power 
p is taken to be 0.2. a = 0.77, %s = av = 0.5. d-quark, <QW) = -0.25 ; u-quark, (Qw) = 0.39. 

other criterion in table 15. Nevertheless, even a reliability of  58% (about  4 out of  5 
correct) is not  too impressive. 

In practice, for ha&on-induced jets,  it  might be possible to  go to lower gmin, 
perhaps even to Pz somewhat negative, allowing a smaller p value. The many "back- 
ground" particles from the longitudinal jets  may perhaps not  contribute to  much 
noise. But data from lepton jets should ul t imately determine the best parameter  p, 
groin and criterion to use. 

In view of  the small reliability factors in table 15, we must conclude that  our 
efforts to find a method of  determining the quark flavor of  a je t  on an event-by- 
event basis have failed for jets of  energy Pq ~ 10 GeV. The criterion earl be 
made more reliable only with much higher momentum jets.  (The method  o f  
"weighted" charge becomes an exact separation at very high momenta . )  Neverthe- 
less, table 15 is useful in summarizing the differences between u- and d-quark jets.  
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Fig. 21. Same as fig. 20 but  where the power p is taken to be 0.5. d-quark, (Qw) = - 0 . 1 5 ,  
u-quark,  (Qw) = 0.26. 

4 .  P r o p e r t i e s  o f  t h e  q u a r k  r a p i d i t y  p l a t e a u  

4.1. Rapidity correlations 

4.1.1. Correlations between adjacent-rank mesons 
There are two sources of  correlations in our model. Naturally, there is the corre- 

lation among secondary particles that are the decay products of  the same primary 
meson. In addition, however, the primary mesons are not formed at random in 
rapidity. Primary mesons adjacenf in rank are correlated in both flavor and rapidity 
since they each contain a quark (or antiquark) that came from the same q?t pair. 
The two primary mesons of  adjacent rank tend to occur near each other in rapidity, 
Yz, as shown in fig. 22. The mean [AYz[ between mesons adjacent in rank is about 
1.8 units, where all the decay products of  a particular primary meson are assigned 
the rank of  that meson (see fig. 1). Fig. 22 also shows the distribution of  IAYzl 
between mesons with the same rank ((IAYzl) = 0.9). All flavor correlations in the 
quark jets occur between primary mesons of  adjacent rank. The flavor o f  a meson 



R.D. Field, R.P. Feynman / A  parameterization of  the properties o f  quark/ets 

1 0  0 . . . .  , . . . .  , . . . .  , . . . .  

53 

10-1 ~~ 
[ "--.._ ..... 

ci * t  e 

r~ 10 -z 

i ' 10-3 

10--4 . . . . . . . . . . . . . . . .  i I 
0 1 2 3 4 

IAYzl 
Fig. 22. The distribution of distances AYz between the hadrons coming from one primary and 
those coming from another primary next in rank ×, ( I Y z I> -- 1.8. The distn'bution A Yz 
among the secondary hadrons which come from the decay of a single primary o, (I Yz I) -- 0.9. 
a = 0.77, aps = av -- 0.5. 

of  rank r + 2 is independen t  o f  the flavor of  the meson  of  rank r.  Rank  is no t  a 
physical observable ;however ,  the correlations shown in fig. 22 do produce effects 
in certain physical observables which we n o w proceed to examine.  

4.1.2. Rapidity-gap distributions [16] 
Figs. 23 and 24 show the dis t r ibut ion of  Yz gaps be tween  all particles, charged 

particles,  and positive particles (equals negative particles) before and after decay in 
the rapidi ty plateau *. Because two pr imary mesons of  adjacent  rank have ne t  
charge either ± 1 or zero, small AYz  gaps occur more  f requent ly  be tween  charge 

* In order to avoid biasing against large Yz gaps, the distributions in figs. 23, 24 and 25 are cal- 
culated by first ordering allparticles in Yz with Yzi+l ;D yzi and then considering all Yzi in 
the range 3.0 < Yz: ~ 6.0 but when forming the gap length AYzt = IYz i - Yzi+ll, Yzi+~ is 
allowed the range ~.0 < Yzi +. ~ 9.0 Then only gaps AYzi ~ 3.0 are displayed:This me~thod 

. . . .  ], 
requtres a rapidity interval twice as large as the maximum gap one decides to plot. 
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Fig. 23. Predicted number of times various Yz gaps occur between all primary mesons, between 
charged primaries and between positive primaries (the same as for negative primaries) in the 
rapidity plateau of a u-quark jet before the primary mesons are allowed to decay, a = 0,77, 
aps = a v = 0.5. [] all, 0 charged, + positives, x negatives• 

mesons (due to + - )  than between negative mesons. For large Yz gaps, the situation 
is reversed and there are more large Yz gaps between the negatives than between the 
charged mesons. (Note that a gap between negatives can contain positives or neutrals 
whereas a gap between charged particles can only contain neutrals.) 

The distribution of Yz gaps carrying a specific charge is shown in fig. 25, where 

k 

Ok = ~ qi - qo (4.1) 
i= 1 

is the charge carried by the kth Yz gap and qi is the charge of the ith meson (ordered 
in Yz). The quantity qo is the charge of the quark that initiated the jet (u-quark in 
fig. 25). I f  the mesons were ordered in hierarchy, only the net charge, Z~_- 1 qt, equal 
to one or zero could be obtained for a u-quark jet; Qk must be the charge of an anti- 
quark. For ordering in Yz, other values of 1~=1 qi can occur, but only by mixing up 
hierarchy order and Yz order. Because of this, for a u-jet, gaps of charge -~  and ~r 
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Fig. 24. The same as fig. 23 but after the vector mesons (and the z/and r/') have decayed 
according to the particle tables. 

dominate at large gaps over the other gap charges *. (The distribution of Q = - ~  and 
Q = } gaps are equal, as are gaps of  charge Q = -~ and Q = - ~ ,  etc.) 

4.1.3. Charged particle correlations 
In analogy with the statistical-mechanical description of density fluctuations in a 

liquid, one defines a correlation function (see, for example, ref. [17]) 

1 d2 o  1 d o  do 
C(YI, Y 2 ) -  (4.2) 

0 dY 1 dY2 0 2 dY1 dY2 

The "correlation moment" ,  f2 ,  is related to it by 

1"2 =fdY~ dY2 C(Y1, Y2) = ( N ( N -  1)) - (N) 2 . (4.3) 

* In an exchange picture like that discussed by Pirfl~, Thomas and Quigg in ref. [16], large 
2 1 gaps with charge - g  and ~ correspond to the (allowed) exchange of a t~- and d-quark, respec- 

tively, whereas the other gap charges correspond to lower-lying (exotic-type) exchanges. Hence 
the former, with a higher intercept (21-), is expected to dominate at large gaps as i t  does. 
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Fig. 25. Predicted number of times various charged Yz gaps occur for a u-quark jet  (after decay) 
where the charge of the kth gap is given by Qk = ~k=lqi - q0, where qi is the charge of the ith 
hadron (ordered in Yz) and qo is the charge of the initiating quark (in this case qn = 2). a = 0.77, 

2 +  1 ! f o  1 4 ~ C~ps=av=0 .5 .<>Q=-~ ,  Q = ~ , x Q = 3 ,  Q = - j , * Q = - ] .  

In addition, one can define a "normalized" correlation function by 

1 1  do do 
R(rl, C(Y,, dr2 (4.4) 

In the absence of any dynamical correlations, the probability to observe in a single 
jet one hadron at rapidity Y1 and a second hadron at rapidity ]'2, together with 
anything else, would be equal to the product of the probabilities to fred hadrons at 
rapidity YI and }'2 in different jets and (4.2) would vanish. Figs. 26 and 27 show 
the value of C(Yzl,  Yz2) and R(Yz  1 , Yz2), respectively, for a negative hadron at 
Yzl = 4.0 and a positive (upper) and negative (lower) hadron at Yz2 venus A Y  z 
= Yzl - Yz2. The region - 2  ~< AYz ~< 2 is the plateau region and 2 ~< AYz  ~< 4 is 
the "end of the quark" region as can be seen from fig. 8. Also shown are the analy- 
tic results for the case where no particles decay (in this case, the analytic method is 
exact). Resonance decay clearly plays an important role in correlations; however, in 
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Fig. 26. Predicted behavior of the two-particle correlation function C(Yzl, Yz2) defined by (4.2) 
where Yzl = 4.0 and we have plotted versus 6Yz = Yz I - Yz-. Results are given for h 1 negative 
and h 2 positive (upper) and h I negative and h 2 negative (low~r) and are generated using Monte 
Carlo (points). The dashed curves are the results for C(Yzl, Yz2) before the primary mesons are 
allowed to decay. The dotted curve (to guide the eye) is 0.36 exp(-~(AYz)2), a = 0.77, aps = (~v 
= 0.5, Yzl = (4.0, 4.4). 

our model  there is some clustering of  the primary mesons before decay. The f'mal 
correlation function (after decay) C(YI,  }'2) for oppositely charged hadrons shows 
the characteristic short-range correlation behavior [16 -19 ]  roughly like 
exp(--(AYz)2/462) with a correlation length, 2~, of  about 1.4. The correlation 
between two negatives is, on the other hand, quite small. The "correlat ion moment"  
f2 in (4.3) after decay is given in table 3 and for ++ and - -  it  is negative. 

4.1.4. Mass distribution 
The distribution of  two-particle mass for u-quark jets  ofPq = 10 GeV resulting 

from the model  is shown in figs. 28 and 29. One can see the po and K *+ in the Ir I t -  
and K+~r ° combinations (our resonances have zero mass width).  I f  our estimate o f  
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Fig. 27. Same as fig. 26 but for the "normalized" correlation function def'med in (4.4). The 
dotted curve (to guide the eye) is 0.34 exp(-~(A Yz)2). 

the resonance contributions is roughly correct, then one would expect to see such 
resonances in the jets produced in lepton- or hadron-initiated processes. 

4.2. Comparison with pp collisions 

Many of the features predicted by our model for the behavior of the quark rapi- 
dity plateau are similar to those observed for the low-p± rapidity plateau generated 
in proton-proton collisions. The rapidity gap distributions, + -  charged correlations, 
mass distributions, and charged multiplicities are quite similar to that seen in pp 
interactions. Similarities between the plateau behavior in lepton and low-p± hadron 
experiments have often been noted [20]. It will be interesting to see experimentally 
if they are really very much alike and to study theoretically why this may (or may 
not) be so. 

In making this comparison, one must be careful of the contributions from diffrac. 
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Fig. 28. Plot of  the two-particle mass of  (a) l r%r-,  (b) K%r O, and (c) lr+lr + from a u-quark je t  with 
Pq = 10 GeV from our je t  model with a = 0.77, ~ps = ~v = 0.5. (Note that our resonances have zero 
width.) 

tire events in pp collisions which have no counterpart in the quark jets. The compar- 
ison should properly be made only with the inelastic non-diffractive part of pp col- 
lisions (if that can actually be defined and separated out). One place where this dif- 
fractive component plays an important role is in the behavior off~-. In pp collisions, 
f~- becomes positive as the negative particle multiplicity (N_) increases (i.e., as the 
energy of the collision is increased). On the other hand, our model for quark jets 
predicts a negative f2- for Pq <~ 500 GeV (see table 3) and recent data on vp inter- 
actions, where the model should apply, indicate that it is indeed negative [21]. For 
those p~ annihilation events which contain no final baryons so diffraction plays no 
role f~- is also negative. 
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Fig. 29. Same as fig. 28 but for (a) h+h - ,  (b) h+h +, and (c) h - h - ,  where h = n + K. 

4. 3. Problems with the model 

There is, o f  course, the obvious problem that the model  contains no protons or 
other baryons and is thUS incomplete.  They might be included in the same frame- 
work i f  we were to consider that  the field which makes the quark-antiquark pairs 
could, from time to time, make pairs of  diquarks (two quarks whose color is in a 
representation) and anti-diquarks. To implement this idea, however, requires invent. 
ing a few new functions and parameters which we have too little information at 
present to guess. Since baryons are probably not  produced with great frequency in 
quark jets,  neglecting them probably causes no serious modifications of  the meson 
distributions. Of course, we cannot predict baryon distributions at all. 

In addition, we have not  included quantum effects. We have dealt solely with 
probabilities and not  amplitudes. It would be interesting to imagine the recursive 
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principles to apply to amplitudes instead of probabilities. Instead of (2.3), one 
would write 

"q~a ~'%b q ~ c  -.. I'I ~b(rh) (4.5) 
i 

as the amplitude to find primary mesons with a set of flavors and momenta, where 
¢(~/) is a (possibly complex) amplitude whose absolute square is f(r~). By adding 
amplitudes in the appropriate manner, allowance would then be made for the Bose 
nature of indistinguishable primary mesons. 

The most serious problem with the model is that it suffers from a defect in prin- 
ciple. As Casher, Kogut and Susskind have pointed out [10], the correct way to 
look at the development of these jets is from the center out, not from each.end in 
toward the center. That is, as the original quarks' rapidities separate in, say, an e+e - 
experiment, the first new quark pairs are made at relatively small momenta, then 
the quarks leaving the new pair generate a new pair between them, etc. We have not 
been able to develop a simple ansatz for both flavor and momentum distributions in 
accord with this idea. Instead, our ansatz thinks of the first pair forming near one 
end of the momentum chain, and then further ones follow generally down the mo- 
mentum scale. This mechanism has been well refuted by Bjorken and Kogut and 
Susskind. Our first surprise from the "chain-decay" point of view is that the func- 
tion, zf(1 - z), in (2.2 1) giving the momentum distribution of the first primary 
meson must be so peaked toward low momentum, z, to agree with experiment. It 
is not clear how the leading quark manages to find itself so far down in momentum. 

We can also see that something is wrong in principle with the chain-decay ansatz 
by considering the nature of the plateau region for an energetic q?:l pair produced in 
an e+e - colliding beam experiment. We have argued that this plateau region could 
be analyzed by going far down in rapidity in the jet from the quark q; even so far 
down that the hadrons are, in fact, moving slightly backwards (i.e., in the direction 
of ~ .  If this is true, then all properties of this region would have to be the same if 
analyzed (in reverse order) as a property of the q-jet. Measure rapidities in the c.m.s. 
so the quark q has rapidity Yo and the antiquark -Yo.  We first ask in the q-system, 
what is the probability that three primary mesons adjacent in hierarchy are located 
at rapidities Yl, Y2, and Ya (per dYl, dY2, dY3). This function K ( Y  o - Y I ,  
]To - I"2, Yo - Ya) deep in the plateau region depends only on rapidity differences, 
and not on Yo (i.e., it equals a function L(Y2 - YI ,  Ya - Y2)). Now seen in the 
other direction as a 7:t jet, the three primary mesons are in rank 3, 2, 1 and the rapi- 
dity distance from the end of Cl are Yo + Ira, Yo + Y2, and I"o + Yx. Calculating in 
this way, we have K(Yo + Y3, Yo + Y2, Yo + Y1) and, therefore, L(Ya - Y2, 
Y2 - Y1). Choosing Y2 = 0, Y1 = In ~, and Ira = - ln  77 so that the three particles 
are in the E +Pz ratio ~, 1, 1/rl (or seen in the reverse o r d e r E - p z  ratio r/, 1, l/G), 
we should have 

r ( - l n  ~, - ln  n) = L( - ln  r~, - ln  ~), (4.6) 

if the theory were truly symmetrical. 
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Fig. 30. illustration of the asymmetry in our model of functions R(~, r/) describing correlations 
among three primaries adjacent in rank in the plateau (discussed in subsect. 4.3). The curves are 
R(1, ~) (solid) and R(~, 1) (dashed) versus In/i. They were calculated using f(r/) = 3n 2. Theoret- 
ically, R(~, ~) should be a symmetric function. 

Direct calculation of the function L ( - l n  ~, - I n  77), which we write as ~r/R(~, r/) 
so R is the number of  particles per dg dr/, shows it is not  symmetrical. The differ- 
ence between R(~, r/) and R(r/, g) is not great, yet  that there is any difference at all 
shows our physical view is not entirely sound. The difference is illustrated in fig. 30, 
where we choose r/= 1 and compare R(~, 1) and R(1,  ~) calculated for the simple 
case f(r/) = 3r/2 . The differences for other values of  r/are similar or not as large. 
Since rank in hierarchy is not physically observable, neither is R(~, r/). However, 
any amount of  asymmetry ofR(~,  r/) will result in an observable (in principle) 
asymmetry in the rapidity plateau for three hadrons whose flavors are such that 
they couMoccur  adjacent in rank (e.g., K +, K - ,  *r+). These asymmetries are quite 
small. None the less, they represent a defect of  the model. 

We have found the "chain-decay" ansatz so simple to formulate and to analyze 
arithmetically and analytically that we wanted to study it as a possible approxima. 
tion by which we might get a rough idea of the general behavior of  quark jets. It  is 
important to have such a scheme to make some suggestions for the planning and 
design of  " jet"  experiments. It is delightful that so few assumptions will yield a jet 
model which is so complete in being able to describe a jet. (Only the transverse 
momentum correlation questions are unanswered.) 
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5. Transverse-momentum results 

5.1. Transverse-momentum distributions versus z, Y, and M 2 

The mean distribution of transverse momentum depends in no way on our 
assumed correlations between primary mesons. None of the details of our recursive 
scheme are of much concern;just the distribution in z, F(z), of primary mesons and 
the assumption that all the primary mesons are distributed in transverse momentum 
in the same way (which we take to be a Gaussian as eq. (2.46) independent of  z, 
flavor or spin). In our previous work (FFF), we assumed that all the final mesons 
(direct plus indirect) were distributed the same, independent of z. Our newer view, 
that it is the primary mesons which have the universal distribution in transverse mo- 
mentum, produces a number of interesting effects which we will now discuss. 

The transverse momentum of the final mesons has two components: the original 
momentum P± of the primary mesons plus the additional Q± received by the prod- 
ucts of those primary mesons that decay. Assuming that half of the primary mesons 
are vectors that decay and letting the r/and 77' also decay, we can easily calculate the 
mean transverse momen~'~m expected for various particles in the jet. As discussed in 
subsect. 2.7.2, we fred that using o = 350 MeV in (2.48) produces a mean transverse 
momentum of charged pions of (k±>rr = 323 MeV. The mean transverse momentum 
of the primaries (2.48) is then 439 MeV, considerably larger than that of  the secon- 
daries *. 

The reason for this can be seen in the coordinate system boosted so that the z 
component of the primary meson is zero. It does have a p±, however. If  it is of mass 
M and disintegrates into two mesons each of mass ½M (so that the Q value is zero), 
then these decay products have only ½p±. Thus disintegrations considerably reduce 
the effect of p±. The mean value of Q± generated by a spherical distribution of maxi- 
mum momentum Q if p± = 0 is ,~lrQ, but the values of Q from the particle tables are 
not so large as 400 MeV on the average. Of course, there are mutual effects when 
both p± and Q are non-zero but the qualitative effect is clear;the large <pj.) of the 
primaries is decreased by observing the mean (k±) of the final mesons. Even though 
some primaries do not decay and thus contribute directly to (k±), in averaging over 
all particles the indirect mesons (decay products) have more weight for they occur 
more frequently. In addition, because more of the decay products of the vector 
mesons (and 77 + r/') are pions than kaons, the transverse-momentum distribution of 
kaons resembles more closely the distribution of primaries than does the pion distri- 
bution. The latter distribution is more sharply peaked at small k±, as shown in fig. 
31. The mean k± for final pions is 

(k±)± = 323 MeV, (5.1a) 

whereas for final kaons, it is 

This has been pointed out by Seiden in ref. [13]. 
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Fig.  31. Distribution of transverse momentum, dN/d2k± versus k I for 7r -+ and K -+ resulting from 
a u-quark jet in our model  with a = 0 .77 ,  a p s  = a v  = 0.5 and  o = 350  MeV.  The dotted straight 
line is e x p ( - 6 k l ) .  

(k±)K± = 384 MeV.  (5.1b) 

Almost all the rho mesons are direct so that 

(k±)p = 439 MeV,  (5.1c) 

which is the same as the distribution of  primary mesons. The mean ki  of  all the 
final particles is very close to that for pions since 75% of the final particles are 
pions. The exact shapes of  the transverse-momentum distributions shown in fig. 31 
depend on our arbitrary assumption of  a Gauss±an distribution for the primaries 
(2.46)• The tendency for higher-mass particles like the K or p to have a flatter 
distribution in k± and a larger (k±) than the lighter lr mesons is observed in the 
plateau region of  ordinary pp collisions. In our model, the reason is not directly 
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due to the K and p being more massive than the 7r, but because a smaller fraction 
of them are due to resonance decays than for the 7r. 

How is the transverse momentum distributed in rapidity Y and in z? We see 
from fig. 32 that <k±) for particles of a given rapidity Y, in the plateau region, and 
well toward the forward direction where the number of particles begins to fall off, 
have the mean k± of 323 MeV as in (5.1a). Only the few particles in the large-Y 
region (near }'end) have <k±) smaller than 323 MeV. On the other hand, particles 
with a given z have a mean k± which depends on z as shown in fig. 33. For z ~> 0.1, 
<ki) is larger than 323 MeV and approaches the mean of the primary mesons, 439 
MeV, as z approaches one. 

This latter behavior is obvious since only primary mesons can obtain a z value 
very near one. However, the reason <k±} for particles with z in the range 0.2-0.6 
is so large requires further discussion. Consider a primary meson generated at some 
z o (and true rapidity Yo), but look at it in the frame for which it has zero longitu- 
dinal momentum Pz. First, suppose its original perpendicular momentum, p±, is 
zero and suppose it decays into two mesons. Then the secondaries acquire with 
equal likelihood both positive and negative z component of momentum Qz; that is, 
both positive and negative rapidity. Thus, back in the lab system (just add a con. 
stant Y), the secondaries are found symmetrically spread in rapidity about the 
original rapidity Yo of the parent. It is otherwise with z, the secondaries are widely 
spread in z but only over values below z o (uniformly from 0 to z o for massless 
products, for example). 

Now to see what happens if the parent meson has non-zero p±, imagine this Pi  
to arise from a very small rotation of the original large Pz (by an angle PJJPz). It is 
clear that if a product ends up at a momentum Pz,, its share of the parent p± is 
only (Pz/Pz)P±, or fractionally z/z o of the original. That is, daughter particles 
carry a fraction z/z o of the originally large parent perpendicular momentum. Those 
that obtain a z near z o have a larger share than those which obtain a smaller z. It is 
this effect (combined with the fact that higher-z particles are more likely themselves 
to be primaries) which means that the higher-z particles (z >~ 0.1) have a mean k± 
considerably larger than the average. (It is true that decay products with the very 
highest z/z o have received so much Qz that the mean transverse decay momentum 
Q± must be smaller. But this depends on Qz (or Z/Zo) via a curve with a Vertical 
tangent, an ellipse in fact, and the effect is not great and is overwhelmed by the 
(Z/Zo)p± effect.) 

The mean k.t of all final particles is not much affected by the region z ~ 0.1 
because there are so many more particles of low z. Hence, the region z ~> 0.1 can 
have a considerably higher (k±) than the <k±) of all particles. Far in the plateau of 
Yz, one ultimately gets the same low mean of all particles. But, where the curve of 
the number of particles versus Yz first begins to fall, the <k±) begins to rise rapidly 
since each decay particle is sent to larger Yz. For the true rapidity Y, however, 
decay sends particles equally up and down in Y so even a linear fall.off of  the Y dis- 
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Fig. 34. The mean value of the transverse momentum, (kl), of two particles versus the two- 
particle mass M. The results are for a u-quark of energy Pq = 50 GeV. Also shown, by 
dashed lines, is ~/2 times the (kl) of primaries (621 MeV) and ~/2 times the (kl) of the final 
mesons (457 MeV). 

tribution would not distort the mean k±.  More radical variations, as those near the 
high ]rend do, however. The very highest Y values come from particles having abnor- 
mally low m± so the mean k t here is lower (see fig. 32). 

Finally, for completeness, we show in fig. 34 the mean total k± of  two particles 
whose mass M is given by 

M 2 = (E l + E 2 )  2 - (pzl +pz2 )2 - k  2 , (5.2a) 

with 

k2 = (Pxl +Px2) 2 + (Pyl +Py2) 2 ' (5.2b) 

where E l  and E 2 are the energies o f  the two particles, respectively. As a function o f  
the mass M, the two-particle (ki) increases from a value of  about 350 MeV at small 
mass M to a value equal to ~/2 times (kl)primary or about 621 MeV for M greater 
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than about 5.0 GeV. This sharp rise of  (k±> with mass M has also been observed in 
the plateau region of  ordinary pp collisions [22]. 

We feel that the description of  transverse momentum presented here is more 
satisfactory than the one used by us in FFF ,  in which all the final mesons in a quark 
je t  had the same <k±>q--,h = 330 MeV independent o f z .  We must change this to read 
that all primary mesons have the same <k±) = 439 MeV independent o f z .  Because 
the large-p± hadron experiments which we analyzed in F F F  are sensitive predomi- 
nantly to the large-z region of  the quark decay functions so that (k±)q-÷h ~ 439 MeV, 
a number of  our predictions in F F F  will be changed *. For  example, the mean values 
ofPou t appearing in table 3 of  F F F  are all increased coming closer to the experimen- 
tal findings. Also predictions made for experiments with small aperture acceptance 
will have to be reduced because of  the wider spread in angle of  the large-z particles. 
We are now computing corrections to F F F  based on our new jet model.  The results 
will be discussed elsewhere. 

5. 2. Correlations in transverse momentum 

Our assumptions in subsect. 2.7.2 that each produced quark-antiquark pair con- 
serves transverse momentum with no net k± and that the transverse momentum of  
a primary meson is the sum of  the k± of  two quarks leads to correlations in trans- 
verse momentum of  the hadrons in the quark jet .  As discussed in that subsection, 
primary mesons of  adjacent rank tend to go oppositely with (k±l • k± 2) = - 0 2 .  How- 
ever, as we have already learned from fig. 22, adjacent-rank mesons can find them- 
selves considerably spread apart in rapidity Yz so that  these correlations are of  long 
range. Fig. 35 shows the behavior of  the asymmetry 

~(Y1, ]"2) = [ N D ( Y 2 ) - N u ( Y 2 ) ] / [ N u ( Y 2 ) + N D ( Y 2 ) ] ,  (5.3) 

where N u ( Y 2 )  and ND(Y2) are the number of  hadrons at Y2 with 1¢12l < ~n and 
1¢121 > ½rr, respectively, and where ¢12 is the angle between k i l  and k±2. This 

* After the completion of FFF, in which we assumed (kl)q--, h = 330 MeV independent of z, 
several people pointed out to us that there were indications that <k 1) was, in fact, larger than 
330 MeV for large z both from hadron and lepton experiments. They further noted that we 
would improve our predictions of large-p± correlations in pp collisions if we took a larger 
(kl)q~ h. In particular, we would predict a larger P-out in better agreement with experiment. 
It is now clear from the analysis of Selden. [13] and from data on vp collisions [21,23] 
that (kl)g--., h is considerably larger than 330 MeV at large z. We have previously been 
reluctant:to change (stubborn) because we did not want to "fiddle" our high-Pl model in order 
to agree with the very experiments we were trying to predict. Now that we have added the phys- 
ically natural assumption that some of the pions are secondary to resonances, we feel it is 
natural to replace the naive simple rule that the pions have a constant (with z) mean transverse 
momentum by the equally naive and simple rule that it is the primaries that have the constant 
transverse momenta. This, without further complication, leacls to a natural explanation of many 
of the experimental observations. We shah adopt it hereafter. We are grateful to J. Vander Velde 
and Knud Hansen for discussions concerning this point. 



R.D. Field, R.P. Feynman / A parameterization o f  the properties o f  quark ]ets 69 

. 6  . . . .  , . . . .  , . . . .  

0 . 4  

E-4 
0 . 2  + - t - _ t _ + + _ + . + _ + _ + "  * ~ ~ - ~  

- 0 . 2 r  . . . .  , , , . . '  . . . . . .  
o. 2 o 2 4 

. . . .  I . . . .  r . . . .  

g,4 
0 . 2  

- 0 . 1  . . . .  , . . . . . . . .  
- 2  0 2 4 

AYzffiYm-Yz~ 

Fig. 35. Predicted behavior of the asymmetry Z(YI, Y2) = (ND(Y2) -Nu(Y2))/(Nu(Y2) + ND(Y2)) 
before (upper) and after (lower) decay of the primary mesons. The crosses (diamonds) are for 
the unlike (like) charge combinations and where N U and N D are the number of hadrons at Y2 
with 1~121 < 11r and 1~121 > 17r, respectively, and $12 is the angle between the transverse mo- 
mentum vectors k±l and kL2. The results are for particle h 1 at Yz l  = 4.0 and are plotted versus 

AYz  = Yz 1 - Yz 2. a = 0.77, ~ps = av = 0.5, Yz 1 = (4.0, 4.4). 

figure shows Z(Y1, Y2) for like and unlike charge combinations both before and 
after decay where particle one is at Y z  = 4.0 versus A Y z  = Yz  1 - Y z  2 • ( W i t h  this  

dermition,  Z is positive for k i l  • k±2 negative.) Before decay, we see no correla- 
t ion between same-sign mesons (since they cannot occur adjacent in rank) and a 
strong wide-range correlation between oppositely charged hadrons. Resonance decay 
plays a large role in determining the behavior of  ~ .  After  decay, Z is reduced for 
opposi tely charged pairs and becomes non-zero and positive for same-sign hadrons. 
Similar transverse-momentum correlations have been observed in low-px hadron- 
hadron collisions [24]. 
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6. Some applications in large-p± hadron-hadron collisions 

6.1. Large-pi particle ratios: comparison with FF1 

Fig. 36 shows particle ratios for 0 e m  = 90 ° pp collisions at large p± predicted 
using the quark-scattering model presented in FF1 but with our new quark-decay 
functions (analytic approximation). The quark-scattering model predicts that, 
except for the small smearing effects discussed in FFF, these ratios are functions 
only of x± = 2p±/x/s at fixed 0cm. The new results are almost identical to those in 
FF1 except for the K+/K - ratio which is now somewhat larger (a factor of ~1.8 
atx± = 0.6) due in part to (3.3). The new model, however, also allows us to inves- 
tigate resonance production at large p±. In fig. 37 predictions for pO (equal to co °) 
K*O, ~*o and ¢ production are presented. (The p°/Ir° ratio was constructed to 
approach one at largex± by our assumption that %s = t~v.) In addition, we calcu- 

4 0  

I0 

I.O 

I I I I I I PARTICLE RATIOS 8cm =90 ° i 

pp--,,,.(K +/'n'+) + X 

O.i I I I I I I 
O.O O.I 0 .2  O.3 0 .4  O.5 0 .6  0 .7  

X.I. 

Fig. 36. Particle ra t ios  versus x I = 2p±/x/s for  0 e m  = 90  ° pp  col l is ions at  large P i  p red ic t ed  f rom 
the quark-sca t t e r ing  m o d e l  o f  F F 1  b u t  us ing ou r  new  qua rk -decay  functions. 
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R E S O N A N C E  PRODUCTION Ocm = 9 0  ° 
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- .  ~ 
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0 . 0 1  I I I I I I 
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Fig. 37. Predicted ratios of resonance to ~r0 production for 0cm = 90 ° pp collisions versus 
x I = 2p£/x/s from the quark-scattering model of FF1 but using our new quark-decay functions. 

Table 16 
Comparison of large-P1 particle ratios in pp collisions at Ocm -- 90 ° with the quark-scattering 
model of FF1 [4] using our new quark-decay functions, Dab(z). Also shown are the contribu- 
tions to the total 7r signal from p production and the contr~utions to the total K + signal from 
K*0 and ¢ production 

Ratio Experimental x l  = 2Pt/x/s Data Predictions 
group 

l r + l n  - C-P [28]  0.6 ~--3.0 3.2 
K+/n + C-P 0.55 ~--0.5 0.46 
~/~r0 CCRS [29] 0.1S -~-0.5 0.40 
K+/K - C-P 0.51 = 1 8  10.3 

pO/~rO R-412 [30] 0.2 ~'1.0 0.7 
¢/7r0 C-F [31] 0.2 ,g0.06 0.06 

oo .-. n+/~t+ R-410/13 [2,32] 0.1 w-0.05 0.08 
a t  __, ~rO/nO R-412 0.1-0.2 0.16 0.16 
K*0 ~ K+/K + R-410/13 0.1-0.2 w-0.05 0.06 
0 "* K+/K + R-410 /13  0 . 1 - 0 . 2  0 .005 0.01 
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Fig. 38. Predicted contribution to the total large-Pi meson signals for Oem = 90 ° pp collisions 
from resonance decays. The symbol V refers to the sum over all nine vector mesons and K *0 
K+]K + means the ratio of K+'s due to K *0 decay to the total K + signal, etc. 

late the fraction of  the total large-Pi signal that arises from the decay o f  various 
resonances. For  example,  fig. 38 shows that at ISR (x i  = 0.1) 27% of  the total  rr + 
and 11% of  the total  K + signal comes  from resonance decays. As P i  increases, the 
contributions from resonance decays decrease. Table 16 gives a comparison o f  the 
expected values of  various ratios with existing experimental  data. 

6.2. Same-side two-particle correlations: comparison with FFF ansatz 

A distinctive feature of  the quark-scattering model  of  FF1 is that high-pi  par- 
ticles in hadron-hadron collisions are not  isolated but  members of  a cluster (jet) of  
particles representing the fragmentation of  the quark. In F F F ,  we est imated the 
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number of particles to be found in the same direction as a large-p± trigger ("same- 
side" correlations) by assuming that the two-particle decay functions could be 
approximated in terms of the single-particle decay function by (FFF ansatz) 

D h  1 h2 - Dqhl h2 
q I,Zl, z2) = (Zl)Oq2(Z2/(1 -Z l ) ) / (1  - Z l ) ,  (6.1) 

where ,h I is the trigger hadron so that z 1 3>3> z2. The flavor of the quark q2 was 
determined in the following manner. For what we called the "unambiguous" case 
where hi = c~ contains the quark q, say q = c, then q2 was taken to have the flavor 
"a".  For example, i fq  is a u-quark and h i = rr + or h I = K +, then q2 = d or q2 = s, 
respectively. For this case, we find the FFF ansatz to agree reasonably well with the 
results of our new jet model (a = 0.77 Ups = ct v = 0.5). 

On the other hand, we stated in FFF that (6.1) was not appropriate for the 
"ambiguous" case where h I does not contain the quark q as a valence quark. We 
find that indeed our new jet model disagrees quite substantially with the FFF 
ansatz for the "ambiguous" case. Since the predictions in FFF are dominated by 
the unambiguous case, we feel that they are reliable. 

However, we can now use the new jet model to estimate the number of  K +'s 
produced in association with a large-p± K -  trigger in pp collisions, which we did not 
attempt in FFF because this is dominated by the "ambiguous" case, and to improve 
the other same side correlation estimates in FFF. Before this is done, however, we 
must also change our handling of the transverse momentum of the particles within 
the quark jet to agree with the results of  subsect. 5.1. We expect to discuss this 
elsewhere. 

7. Summary and conclusions 

In summary, we have found that the recursive model gives a convenient and easy 
way to compute properties of a quark jet in terms of only a few parameters. Although 
the model does not include the possibility of baryon emission and cannot represent a 
true physical theory of jets; the resulting structure seems very reasonable and gener- 
ally consistent with observations available so far. We recommend it as a "standard" 
jet to help design experiments and to which experiments may be compared and con- 
trasted. 

Aside from the mean number of particles (versus z), to which the model is fitted 
h + anyway, the main interesting feature is the distribution of charge, Dq (z) - Dq h-  (z), 

or of any other property by which jets originating from u-quarks can be distinguished 
from those from d-quarks. We can describe this as the distribution of the hadron con- 
taining the original quark. In the model, this is widely distributed. It is far from true 
that in an average (unbiased) jet the hadron of largest momentum always contains the 
original quark (see table 11). For jets of limited momentum, individual d-quark jet 
events can often look just like u-quark events and a reliable way to distinguish them 
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event-by-event seems unavailable. They can, of course, be distinguished by their aver. 
age properties. But our model, just like experiment, finds large statistical variations 
from event to event so that good averages require many events. (This can be seen 
most clearly on many of the Monte Carlo plots. Even for 40 000 jets, there are un- 
comfortably wide fluctuations for many quantities of interest.) One of the first 
things to determine experimentally is whether Dhq + (z) - D ~ - ( z )  is really as widely 
distributed (see figs. 5, 8, and 12) as our model (or the previous parametrization of 
FF1) suggests. Preliminary experimental indications are that it is [ 15,21,23]. 

The hadrons observed in quark jets can be secondaries from the decay of higher 
resonances (we have included only the 1 - vector resonances). Although the model 
makes interesting special predictions for how these primaries may be correlated, we 
find the correlations are spread widely in rapidity, and are further considerably 
obscured by the correlations induced by resonance decay. This makes it hard to 
check the specifies of the recursive idea, but it helps us in our original purpose; to 
generate a standard jet that ought to look much like nature. 

From our experience, we think that different jet models which have the right 
mean distributions of the various hadrons and which include the production of 
resonances in a way roughly consistent with experiment (our precise choice a v = aps 
= 0.5 may require later modification) will be very difficult to distinguish experi- 
mentally. The recursive scheme is as good as any for our purpose 

This is well illustrated by transverse-momentum distributions. Many interesting 
variations which have been observed (versus z or the two-particle mass M) in lepton 
and hadron experiments appear to be merely consequences of the fact that hadrons 
are often secondaries of  primaries with much simpler properties. In fact, the prima- 
ries might all have a uniform transverse-momentum distribution. 

For these reasons, we think of our jet model, not as an interesting theory to be 
checked by experiment, but rather as a possibly reliable guide as to what general 
properties might be expected experimentally. In particular, it can assist in the pro- 
gram of comparing hadron high-p± jets to lepton-generated jets. 

On the other hand, quark jets are often investigated not just to be used as a tool 
to investigate hadron collisions, but rather as a subject of interest in itself. How are 
quark jets actually generated? From what we have learned, we think it will tax the 
ingenuity of experimenters to see behind those properties which are overshadowed 
by the effects of resonance decay in order to study effects more intrinsically related 
to the process of jet formation. 

In this connection, the most fundamental experimental question is whether lep- 
ton-induced jets really have a quark origin at all. Even here we fred difficulties. Prop- 
erties averaged over many jets are unconvincing, for a mean charge, say, of ] can be 
achieved by averaging over events each of which is associated with an integral charge. 
The most promising method would seem to be the momentum weighted charge 
Qw (P) in (3.9). In principle, at least, for a jet of sufficiently large momentum, tiffs 

* For examples of other jet models see refs. [13,25-27]. 
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is a characteristic of  the object generating the je t  and one which can be checked for 
each event separately. Unfortunately,  in practice, it  will be difficult to use for even 
10 GeV jets  (see fig. 21), if  the charge is spread as widely as in our model.  The 
method improves, but  only slowly, as the je t  energy increases. 

We are grateful to C. Bromberg, G. Fox,  and C. Quigg for numerous informative 
discussions. Also, we thank T. Ferbel,  K. Hanson and J. Vander Velde for useful 
correspondence. 

Note added in proof 

It has been suggested to us that perhaps the simple form for f(r /)  in (2.21) that + 
we have used results in a distr ibution of  quark charge, D~ (z) - D~ (z), that is 

to D u (z)  + D~u (z) m fig. 3. For  example, broader than actually implied by  the fit h+ 
a form like f(r /)  = A(1 - 7/) n (1 - a + 3at/2) (normalized properly)  would produce 
a quark charge that is isolated more toward the end of  the quark (high z). Such a 
form produces a zF(z) that tends to dip at small z, but  this possibility cannot be 
ruled out  since the data in fig. 3 cannot be used for z ~ 0.3. Hence one can v iew 
our je t  model  as a bit  pessimistic. It results in a widely distributed quark charge and 
an order in rapidity and hierarchy that  is quite mixed up. We must ul t imately resort + 
to experiment to see if D~u (z) - D~-(z) is as widely distributed as our model  sug- 
gests. 
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