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1. Introduction DE84 0 0 7 9 1 9 

Jets in e + e~ annihilation are either a fantastic surprise or completely expected be
haviour depending on how strongly one believes in the present quark picture of hadron 
dynamics. Before embarking on an explanation of what is seen in e*e~ annihilation 
from the standard quark picture, let us take a moment to see why the production of 
jets might be a rather surprising phenomena. 

The initial particles are known to be quite small when measured against many 
of the other mesons and hadrona which we will be talking about. For example, The 
Bbabha scattering process, e+e~ — e+e~, can be used to test for structure in these 
leptons since the scattering formula would be modified by the presence of a form factor 
as shown in equation (1), 

a* 
F±(92) = I ± ^ ^ (1) 

where A is & measure of the scale of the electron or positron substructure When 
expressed in terms of an rms charge radius, this form factor becomes 

and present limits on A+ of approximately 100 GeV imply a charge radius 

Stfe] 
< * 2 > £ ^ (3) 

or R less than approximately 5 X 10" 1 B cm. 
The simple quantum numbers of the initial state and standard conservation laws 

of the interaction greatly simplify the analysis of the final state since we expect that 
the total charge, baryon number, strangeness, charm, and lepton number of the final 
state will be zero. An ?/l'';,;onal simplification comes from the fact that at storage 
rings (except for radU t corrections) all experiments are done in the center of mass 
frame so thai iae sum of the final state momenta wiB be zero and the square of the 
sums of their individual energies 

• = ( E ^ ) 2 = (2^am) 3 (4) 

will be fixed. Values of l?irar,, up to ~ 20 GeV have been achieved. 
Now the most fundamental question is how does all tbb energy, packed into the 

collision of two extremely small particles, convert itself into badronsT Figure 1 shows 
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the relative scale* of the upper limit on the Upton when measured against the charge 
radii of the pi meson and the proton. The lesson to be learned here b that on the scale 
of what b going to be produced in the final state, electron* are extremely small! As we 
wiS see later, the bulk of the data on hadronk final states indicates that ttte particles 
emerge in two coUimsted jets traveling in opposite directions with approximately nine 
mesons in each jet. Oar understanding of the details of this process is very sketchy; we 
are convinced by the striking two jet structure that the jets arise from the production 
of an initial state which at least for » time is two-body-like. We have nfanrat no 
understanding of the detailed mechanism behind quantum number conservation within 
a jet or between jets, 

8. Standard Quark Model 

Our standard picture of matter b that it is composed of combinations of the spin 
1/2, paintlike constituents called quarks shown in Table 1. 

Tablet 

Quark Charges and Masses I 

Quark Charge MQ (QeV) 
up u 2/3 
down i -1/3 
strange s -1/3 ~~ .4 
charm c 2/3 —1.5 
bottom fa - 1 / 3 <•>- S.fl 
top t 2/3 * 

The picture is supported by the known particles and their quantum numbers, tbe 
particle masses and decay branching ratios, and the presence of quark pair bound 
states such as tbe cc bound state 1>, «)', at 3.1 GeV, at bound states T, T' at 10 GeV 
and to a lesser extent light quark bound states such as the $,»' system (a 3) and the x 
mesons. Mesons are beUcved to be integer spin combinations of pairs of quarks -while 
baryons are composed of 1/2-inleger combinations of three quarks. 

In addition to the basic picture of the composition of mesons and baryons, 
we believe that in many interactions the constituents interact as if they were 
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"Quad-free". Scaling in deep inelastic e/V scattering for example indicates the presence 
of three pointlikc constituents within the nucleon which interact independently. This 
extension of the quark composition model to the dynamics of independently interacting 
constituents (or partons) is often called the quark-parton model. 

2.1 QUARK -PARTON MODEL OF e +e~ ANNIHILATION 

The Feynman Diagram for the production of hadrons from e+e~* annihilation is 
shown in Figure 2. We can Analyze this cross section most easily in terms of another 
well-known pair production cross section namely e+e~ ~* (i+ft~ (Figure 3). Seen in 
the center-of-mass system, the cross section b given by 

1 + cos2 9+ (1 - 02) sin2 ff + P2P2 s\a28 cc*2ffl (5) 

where P is the initial state polarization (usually zero) and 0 is the scattering angle 
between the e + and the (t+. Since the muon is, like the electrons apparently point
like, the total cross section becomes 

4 Q 2 86.6nfc feA2 

"point-like - 3 «• - = i ^ i F 2 j \jj (6) 

If we now apply this formula to the production of hadions, assuming that quarks 
are also point-like, we find that the total production cross-section for hadrons coming 
from an initial two-quark state in units of the mucm pair cross section will be just 

R = 'Lk = zY.Q2 (7) 
af i 

where Q,- is tbc quark charge in units of the electron charge, and the sum .uns over all 
quark pairs which can contribute at the available center-of-mass energy. The factor 
of three comes from the fact that we believe that qupr'is can come in each or three 
distinct types. This latter quantum number is called "color". 

An additional consequence of this picture is that the quarks will have the angular 
distribution 1 + cos20 characteristic of the production of spin-]/2 objects. If there 
were additional quarks of spin zero, we would expect a sin 20 distribution with the 
smaller cross-section 

mm ( g ) 

4 
since there is no (2 J + 1) spin sum in the final state of such a system. 
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The behavior of R as » function of center-of-masa energy (shown in Figure 4) U 
in fact one of the most beautiful confirmations of this picture of hadron interactions. 
Except for the presence of the indicated bound states and resonances, R(B) rises in 
discrete steps and agrees with the values predicted by the quark-parton picture. 

The spin-1/2 nature of the quarks is seen in the fact that the angular distribution 
of badrons produced docs in fact have a 1 + cosa $ distribution. We will come back 
to the problem of finding the initial quark axis from the directions of the final state 
particles (the approximately nine mesons in each jet), but if we define the thrust axis 
0 T as a measure or the quark axis, then its distribution (Figure 5) shows the required 
behavior.' 

A further consequence of the point-like nature of the quarks within the quark-
parton picture Li that the break-up of tbe quark into mesons to form a jet should be 
Independent of the ccntcr-of-mass scale a, Thus we expect the cross-section to scale, 
i.e., 

K ~ ; / M (* 
where x is tbe dimcnsiontnss ratio 

Although small violations of this behavior are seen, this scaling parameterization works 
well over a large range of energies provided the x value is greater than approximately 
0.2 (see Figure 6). 

1.1 PHASE SPACE FOR N BODY PINAL STATES 

We would now like to ask Increasingly more detailed questions about what is seen 
in tbe final states of these interaction in order to learn more about the dynamics 
involved in the production of the hadronic matter. But before doing this, it is useful 
to examine the consequences of a model in which all of the dynamics is determined 
by the n body phase space integral. The earliest of such models is due to Fermi3 and 
with some modifications explains many of the features which we observe. The analysis 
of the phase space integrals which 1 am following is due to Lepore and Stuart3 The 
basic principle Is to Fourier transform the energy-momentum conserving delta function 
using 

00 CO 

$ - f d a e ^ - E ^ I * f dPXc?E">x (10) 
—00 —Oft 
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The angular integrals can be done by introducing the variables p = Af sioh 0 and 
E=s M cosh 9 and we find that the result is of the form 

/ d'X f d o e ' > ° If U (II) 

where 

Making use of the relation between n and n — \ body phase space, 

E d-%jF =\R«-i(* + <n2-*S* FA (12) 

where each of the final particles is assumed to have mass m, we find that tbc phase 
space integrals can be solved in two limits. If the individual particle masses are large 
compared to the available energy, i.e., 

* - ( £ m . ) 2 « « (I3j 

we have the nonrelativistic limit to be applied to particle production at low x. This 
has the form 

1pT~< (14) 

where M} « » « + m 5 - 2 v / i £ ' . At high i where the particle masses are negligible, we 
have the relativistic limit 

^ « ( l _ , ) ( 3 » - * ) / 2 (15) 

where x «= 2E&I y/i. 
From Equations (14) and (IS) we can see that we expect scaling behavior in this 

simple mode). The slope cf dafdz will be steeper at small x and will be dependent 
on the masses of the produced particles. At the high x end, the distribution will be 
determined by the mean multiplicity {«) and will scale if (n) changes s>iow]y with s. 
Within statistics, these features are consistent with the data shown in Figure 8. Note 
that at small x in the figure a correction has to be made for the use of xp = p/pbeam 
2.3 How Do W E G E T JETS? 

Despite the fact that the production of two quasi-free quark* seems to explain 
many of the feature? of the data, we iiave still to look closer at the conversion of 
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these quarks into many hadrons. Up to now we have considered the process of mul* 
tihadron production as a two-step process as shown in Figure 7. The conversion of 
the quarks into hadrons was assumed to leave the magnitude of the production cross* 
section unmodified, and the quark aids was found to be preserved in the axis of the 
jets themselves. The fact that the axis is visible at all, and that jets are seen is actu
ally a consequence of the limited pj_ behavior of badronie interactions. The invariant 
cross-section (Ed3<r)f{dp^) can be rewritten in terms of two new variables: rapidity, 
defined as 

and the transverse momentum pj_ relative to some axis. The relation between these 
two expressions is just 

V"w[ • (17) 

In hadroaic interactions, one usually finds that transverse momenta relative to an 
incoming quark direction are suppressed so the cross-sections have the form 

&o -op* ,,-v 
dydp\ 

If we extend this observation to the conversion or fragmentation of the quark Into 
hadrons, we would expect to have to introduce a matrix clement 

If <?g is small enough compared to the momenta of the hadrons, this form will result 
in the preservation of the quark axis in the directions of the final state hadrons. Since 
there is no modification of the rapidity distribution, we expect this distribution to be 
flat out to a maximum rapidity JMAX determined by the available energy. Integrating 
over the inclusive cross-section of Equation (17) we also find that the mean multiplicity 
will be related to tfuAx and hence the growth of (n) with ccnter-of-mass energy will be 
just 

M~"tta/ut~i>»s (20) 
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This has the extremely important consequence that since the multiplicity is growing 
slower than yfi, the mean energy per particle increases with a. Since the angular 
deviation of a particle from the quark axis is determined hy the ratio between (p t) 
(which is Bxed by <r9) and (E), the jets will become more and more collimated and 
easier to recognize as e increases. The cone angle of the jet will be roughly 

, (pi) In a 
6 ~ 7 \ ~ ~ r • 2 1 ) 

Before the advent of machines with available center-of-mass energies in the 30 GeV 
range, establishing the existence or jet-like behavior required a detailed analysis of 
the final state structure;* however, with present energies, the jets are quite clear. A 
typical two jet event from the MARK II detector at PEP (^/5 = 20 GeV) b shown in 
Figure 8. 

Figure 0 shows the rapidity distributions as a function of y and y — JIMAX l ° r a 

range of energies. For each energy, there is a wide regjon where the y distribution is 
flat, and different energies have similar shapes for the fall off near VMAX- However, 
there are some problems with our simple picture. First, the cross-section at small y is 
not the same at all energies indicating that [dtr/dy)\v^Q is not really constant. While 
this may not be iurprising between 4.8 Gcv and 13 GeV due to threshold effects in the 
production of heavy charmed or bottom mesons, some of the effect remains between 
13 Gev and the highest energies. (This effect can be seen in the inset of Figure 0(a).] 
Second, in the high statistics, high energy data there is perhaps a decrease near y = o 
which indicates a suppression of production of particles with small pii. 

2.4 MORE PROBLEMS WITH THE SIMPLE T W O - J E T (LIMITED p j j PICTURE 

Even though the limited p± picture explains the shape of the rapidity and pi 
distributions reasonably well, we have seen in the last figure that it does not correctly 
account for the behavior of dofdy near y = 0. This can al̂ -o be seen by looking at the 
behavior of the normalization of these curves as a function tf center-of-mass energy. If 
only charged particles are used, (the neutrab have similar beiavior) the normalization 
of (d"<r)l{dydp\) will be the average charged multiplicity (nCH). The prediction of 
the limited pi model was that if Uq was Gxed, this multiplicity would rise like S*MAXI 
namely (nCH) ~ tna. However, from Figure 10 we can see that this is not the ase. 
In the low energy region (1.4 to 7 GeV) the best fit to the data is 

{nCH) = (2.67 ± 0.04) + (0.48 ± 0.02) In a (22) 

but in the high energy region (7 GeV to 31.6 Gev) this becomes 

{nCH) = (-6.1 ±0.4) + (2.79 ±0.06) In a (23) 
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The fit shown in the solid curve6 

{*„,) « n, + otxffyy[in{*lh*\} (M) 

with A = 0.S GeV, na = 2.02 ±GM, a =» 0.0020 ±0.0005 fa/i 0 = 2.A5 ±0.07, is 
motivated by iJC D or quantum chromodynamics is which three-jet events are expected 
to contribute to the increase in multiplicity. Simpler forms COD also describe the data, 
of course, and in fact the Fermi statistical model, though it does not predict the two-jet 
structure of the events, has a variation of {nca) with energy which is 

and is in good agreement with the data. A reasonable fit is also obtained from 

{*> CH) <= 2. +0.2 tn a+ 0.\3 (In $? (26) 

with a in GeV. 
The problems with dofdy, the incorrect behavior of (nctt) with energy, and tails in 

the PX distribution (to be discussed later) -'I lead ua to abandon the simplest two-jet 
picture of hadroc events. Additional contribution* *o the multiplicity vod modifica
tions to dofdy and Ar/pj_ could irise from three-jet production at high energies but 
we must be careful to add thb new process in a way which does not destroy the good 
agreement which we have found for /?(<). 

3. Shape Measure* 

In order to see whether three-jet events or even four-jet events are pits en t ir> the 
dat3, we need to have ways of measuring the hadronio final states and classifying 
them into two-, three- and four- or more jet samples. One w»y of doing '.his is know-j 
as the Momentum Tensor AnolysitP and proceeds by finding the eigenvalues of the 
momentum tensor summed over all particles: 

(27) 
H a $ — E W 

The solution to the eigenvalue problem for this tensor finds the set of axes which 
minimizes the relative transverse momentum squared with respeet to those axes. The 
motivation for finding as axis wbtcb mmiroiies p^ is of etiurse that the limited pj_ 
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behavior of the quark fragmentation leads us to think that this axis will be a good 
estimator of the original quark direction. K we order the eigenvalues such that Qi < 
<?S < Qi then the associated ei^mvectors « i , n 2 , A3, of the momentum ellipsoid 
will be as shown in Figure 11(a). The mean squared momenta relative to the shortest 
axis is 

Similarly for the axis n* we cefine 

For our model of hadron production, we expect that most events will originate 
from two quarks fragmenting in oppositely directed cones as shown in Figure 11(b). 
ID this ease, the eigenvalues Qi and Qi should be approximately equal, and if the 
energy is high enough for the mean transverse momentum to be small compared to 
the mean particle energy, Q\ will be much less than Q3- Events with three jets will 
originate from three partons whose vectors lie in a plane. On average, tbis plane will 
be normal to the eigenvector nj if again Oq ia small enough compared to the mean 
particle energy. In fact, if we assume that the three partons fragment in these events 
in % way which is similar to two-jet fragmentation, then we would find Q\ unchanged 
ill three-jet events, but Q2 somewhat larger. 

If there are many jets in an event, or if the energy Ls low, the event will look 
spherical, i.e., 

£?, - Q2 - Qz = \ (30) 

A convenient variable to use for testing for tbis condition Ls tphtrieity defined as 

s ^ i - Q s l ^ ^ t - ^ (31) 
2 2 (p*) 

(This was actually one of the oiiginal variables used at low energy to establish the 
existence of two-jet events.) Spherical events will have 5 = J and jetty events will 
have small sphericities. Similarly, we can define aplanarily in terms of the smallest 
eigenvalue (whioh should he the same for two-jet and planar tbree-jeis) 

A = \<ll ( 3 2 ) 

and since this is insensitive tn three-j?t events and sensitive only to distributions out 
of the plane normal to n j , we can use it to Inob Tor heavy particle production or four 
and more jet events. 
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3.1 L I N E A R S H A P E VARIABVES 

There is one major problem in principle wi1h the momentum tensor approach 
to finding parton directions. Since th,> eigenvalue problem minimizes the transverse 
momentum or p&tCicJea relative to the axes in a least squares sense, the »XRS and 
eigenvalues arc nonlinear functions of the particle momenta. This makes the theoretical 
calculation of, for example, the sphericity distribution a difficult task. Worse, however, 
is the fact that this nonlinearity make* the method sensitive to the details of (he quark 
fragmentation. As an example of this, since jn is minimized, if we paired all particles 
and reminimized using the resultant vectors of these pairs, we would find di.Terent 
eigenvectors, Thus if quarks fragmented a significant fraction of the time into/; mesons 
which then decayed into ff pairs, this would modify the momentum tensor quantities. 

One solution l<> this dilemma is to linearize the problem. Thus we can definp a new 
axis 03 called the thrust axis which maximizes the linear sum of projected momenta 
along r'13. A similar extension foi the other two axes yields the "eigenvalues" 

Timi'ST 

and 

M/ lOU AXIS 

where lij is required to he perpendicular to A3, Th minor axis is d?fined as the axis 
perpendicular to the thrust and major axes 

MINOR.WIS A f , = / - . j (3.») 

Deviations from the two-jet li/pothrsis can he seen by the analog of comparing Q\ 
and Q2 in the momentum (ensur analysis Thus we define the cblattntst as 

0 = \f.y -Mi \v,) 

The analog </ s|J<encity \n Hie linea- analy .3 is jpWerify' . defined as 

< . , _ 16 IZ \F±\ 

*' [ E IPI 

and the analog of ajilananly is atoplanartly? 

MAX Elg-nJ 

KU = 

(33) 

MAX £•nj 

E iPl 

(.vol 
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X = 4.\/f (37) 

Triplifity is the sum of the momenta projected along the three axes and approaches 
ooe Tor a perfect three-jet event. When .studying the details of tbree-jet events, it 
is convenient t. look for three axes which minimize the linear sums of transverse 
momenta with the additional requirement that the three axes must lie in a plane. IQ 
this case, the trijcliness3 is defined to be a measure of how well the event conforms to 
the hypothesis of three planar jets. 

As a further extension of these shape measures, standard clustering techniques 
from numerical analysis can be applied to determine the number of jets in an event. 
In most previous measures, an assumption has to be made about the number of jets 
and then tested. If clustering aigciithms are used however, criteria can be made for 
a cluster to be o< --side-red a jet, and low energy rlusters or other clusters which do 
not meet these requirements can he removed and/or merged with other clusters. To 
associate partide groups into clusters requires a metric in momentum and/or position 
space wbich defines the "distance" in a clustering sense between any two particles. 
The easiest way to group the particles is then to use MIN/MAX techniques which start 
clusters using particles separated i-y greater than MAX while merging in;o a cluster all 
other particles closer than VAN. 

While clustering techniques ire attrattive because they make no it priori assump
tions about the number of jets, care must be taken in interpreting the results since 
some metrics are linear and some are not. Nonlinear metrics will have problems with 
fragmentation similar to those discussed before, [n addition to nonlincarities, there 
may be complicated procedures for merging cr sters or associating clusters with jets. 
However, one of the major strengths of the <•'. .stering technique lies in this flexibility 
nince the algorithm cas be adjusted and optimized for a particular analysis task using 
a detailed model or Monte Carlo. ! D 

3.2 ENERGY DEPENDENCE OF SHAPE MEASURES 
\\V now return to the simple mr-d>l in which the rapidity distribution is flat and the 

p r i> fixed Since the mean multiplicity is proportional to fna. the mean momentum 
is \p) — y/f/(rtf. and the variation of sphericity with energy will be approximately 

2 (p-) * •<» » ' ' 

The data 1 1 ari* -shown in Figure 12 a* a fundiou oT /i, and do not fa!' as sharply as 
liquation (.'**) over the u-h.'-le range 
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Since the sphericity is related to the eigenvalues Qy, Q$, Q% by 

S = 3/2(1 -Q3) , (30) 

if we make the assumption that Q\ and Q? are equal and use the fact that 

Ql + Qi + Q3 = l (40) 

we can determine both Q\ (the shortest axis of the ellipsoid of the average event) and 
Q3 (the Long axis) for each value of sphericity. The ratio gives the eccentricity of the 
ellipse 

Table 2 shows this ratio evaluated at low, medium and high energy and illustrates that 
even though the sphericity does not decrease as rapidly as Equation (38), tho events 
have become much more jet-like at high energies. Figure 13 shows the changes ID th* 
distributions for sphericity and aplanarity.12 

TableZ 

Variation of the Maximum to Minimum Axis Ratio with Energy 

s* Sphericity <?3/<?l 
4 0.4 5.8 
10 0.24 10.5 
40 0.12 23.0 

3.3 EVIDENCE FOR MORE THAN TWO-JETS 

The I irpe ratio QzfQx makes it rather easy to believe in two-jets at high energy, 
but as we have seen, the simplest model predicts a too rapid fall off of the sphericity, 
does not predict the growth of tbe centra) region (<W<fy)|j,«*o, and does not predict 
the rapid rise in multiplicity. The most striking evidence that more jets are required, 
however, comes from looking.directly at tbe p± distributions. Figure 14 compares the 
normalized distribution of the square of the transverse momentum for charged particles 
relative to the event axis at low and high energies.13 While the behavior at tow p̂ _ is 
similar, there is a. substantial change at high Pj_. In order to distinguish between an 
increase in p2. due to an energy dependent o> and the production of planar three-jet 
events, we compare the behavior of the distributions of the eigenvalues Q\ and Q%. 
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If the change were due to an increase ID irfll then the evei/.a would be faster ellipsoids 
but with Q\ still approximately equal to Q 2 The data, however, indicate thai the 
energy behavior of these two quantities is quite different. Figure 15 shows that almost 
all of the increase in p2^ is coming from an increase in pj_ to the plane of the event. 

The curves in Figure 15(a) and (b) indicate the effect of increasing <rq from 300 
MeV/c to 450 MeV/c. While such a modification would be consistent within statistics 
for the behavior of P j n , it fails to describe the long tail in Pout at high energy. Figure 
15(e) and {A) indicate the quality of the agreement within a model which has a fixed 
aq but a small admixture of planar events at high energy.'^ 

4. The Third Jet 

We would now like to add a third jet, but in doing so we must be careful not to 
disturb the basic perturbative picture we have been using which ocplsius the total cross 
section in terms of quark pair production. Jf three jet production proceeds through 
a process like that shown in Figure 16, the coupling constant at the new vertex must 
be small. A natural candidate for the parton which gives rise to the third jet is the 
same object which mediates the strong f©Tce between quarks. This "gluon", so named 
because it forms the glue which gives rise to strong binding, must in our case have a 
coupling constant much less than one. 

A consistent picture of these interactions exists in the theory of quantum chro-
modynamies, which allows the strong interaction to be treated perturbatively in some 
cases. The coupling constant, a,, is not constant, but decreases with increasing (? 2. 
The variation of the coupling constant is given by 

12 1 

where Nj is the number of QavoTS of quarks (u, d, B ...) whose masses are small 
compared to y<2 2/2 and Nc is the number of colors. The constant A determines the 
rate of variation of at- It is important to note that ott and A are not independent 
parameters. As shown below, given aB at a particular Q2, one can solve for A and 
determine a, at all Q^'a. 

Coupling constants which vary with Q~ are present even in QED where the sum of 
the two diagrams shown in Figure 17(a) renormallies the QED coupling constant o to 

«(q2) = ainh .+£ ! *$ I . ,«, 
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In this case the coupling constant increases with Q2 and since a(Po) a v c r v ••n»all, 
the variation is quite small * A similar analysis in QCD can be carried out provided 
the lowest order perturbation diagrams are all that need to be summed. In this case, 
a new diagram enters [see Figure 17(b)] because QCD is a non-Abdian theory so the 
gluons carry "color" charge and can couple to themselves (just as a photon couples to 
any charge carrier in QED). The calculation for the diagrams in Figure 17(b) yields a 
variation of o>(<?2) with Q3 (using Nc = 3) given by 

a.(Q*) ~ o , ( ^ ) [ ' l + *4& (2/V> - 33) fa ^ ] <«) 

which decreases with Q2 provided 2/V/ is lew than 33. If Q2 is sufficiently high, 
we expect af to be small enough for the perturb stive calculation to be valid. This 
property — called asymptotic freedom — is crucial in this application, since without 
it, we would have DO reason to believe that 'he addition of gluons would not make 
largo changes in the behavior or R(s). In this connection, it is important to keep in 
mind that the negative term in Equation (41) comes directly from the non-Abdian 
coupling (ghon self-coupling) diagrams. 

The strong coupling constant variation u sometimes expressed in first order QCD 
as 

& ' | £ ? 2 ) = i W ^ - l ' n ^ r • («) 
Rut note thai if O»(QQ) is known at some Q$ then given Ne and Nj, wc know a, at 
all <3a, thus we can solve for the 6rst order ,\ parameter. Using Equations (4-f) 3DJ 
{Ah) we find 

A 2 = Q 3 €-•/-<«•> 

where (4i>) 
, _ 12* 

llNe-2Nf 

In principle, one need never refer to A, however, since Equation (44) is just 

saw l ^ - I , , g | + J ' ( ' 
* For the interested reader, it is amusing to calculate '.he coupling constant o at the 
mass of the Z, which will convince you thn» even in QED the effect b important. 
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4.1 QCb AND OTHER MODIFICATIONS TO R 

Within the framework of QCD, diagrams like that of Figure 16 can be included in 
the calculation of R[e\. The result will be of the form 

R^E^l+Cj^ + C^Y..} . (48) 

The coefficient C\ b found to be 1 and the coefficient C<i depends on the renormal-
izfition scheme used f <r the second order calculation.'4 Within the MS (minima) sub
traction) scheme, the value of C% b 

C 2 = 1.99-0.12 Nf (40) 

Since these coefficients are reasonable small, and since as we see later, ae b somewhere 
between 0.1 and 0.2, we have succeeded in adding the physics of three-jets without 
making too large a modification of R. la fact, we have done so well that the QCD 
modi fixation is smalt compared to the experimental systematic error.-! Table 3 shows 
recent measurements of J? by a number of experimental groups. The weighted average 
value at R for data taken above 29 GeV is 3.95 ± 0.08 which yields a value for at 

between 0.27 and 0.16. 

Table 3 

Experimental Measurements of R 

Experiment ,/SGeV R ± ^"ST/»T ± &Rsvsr 
MARK J 12-36.7 3.84 ± 0.05 ± 0.22 

TASSO 14-36.7 4.01 ± 0.03 ± 0.20 

MARK 11 29 3.90 ± 0.05 ± 0.25 
MAC- 29 3.93 ± 0.04 ± 0.20 

JADE 30-38.7 3.93 ± 0.03 ± 0.09 
TASSO 30-36.7 4.05 ± 0.03 ± 0.19 

If we were to use a different second order subtraction scheme, for example the 
momentum space scheme where 

C 2 = -2.19 + 0.16 Nf , (50) 

the same experimental measurements would yield at values between 0.39 and 0.19. 
Unfortunately we must conclude from this that present experimental and theoretical 
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uncertainties are tuo large to determine n> from these measurements. Present ex-
perintcntal errors are also too large to see tin. expef ted variation in R (~ 0.03) over 
the range of available energies. 

Even without these problems, there are additional things to consider before con
verting the measured value of R directly into a value of i t using Equation (48). The 
first order QCD correction is approximately sevr;n percent, weak interactions will con
tribute of order three percent corrections at these energies, QED radiative corrections 
are uncertain to of order two percent, the variation of n> with Q is a one percent 
effect, and finally quark mass effects modify the value of R according t o 1 5 

R = ?0[3-p)e2

Q{l+4- or.Ftf)} (51) 

where 

20 KP> 20 4 \2 4ir J 

While these factors are small near 29 GeV (—• [>.l%^ They arc not negligible near 10 
GeV. Other effects may also bo important in the 10 GeV range. We know for example 
that the cross-section exhibits considerable stru» ture above the cl resonances and this 
may also be true above the bh family. 

4.2 DACK TO THREE-JETS 

Assuming that we can Isolate a sample of thi ?e-jet events and in someway measure 
the individual jet properties, let us see what w>; can learn about a, and QCD. If the 
three jets have fractional energies n — ErfE^ and the angle between the gluon and 
one of the quarks is 9, as shown in Figure 18. at the parton level, the differentia] 
cross-section will be 

rfV(3Jet) _ 2a, _JtA ,5,, 

where x\ + X2 + *3 = 2. 
Given the rough value of as determined before, we can see that roughly 6ve to 

ten percent of the events should be planar thr?e-jet evnts. The exact number will 
depend on the minimum gluoD energy and angle with respect to a quark which gives an 
observable third jet. Obviously as k = 2 — x\ - X2 becomes small or as 9 approaches 
aero, the event looks more and more like a twi>jet event. In fact there is no clear 
dividing line between the two classes of events. In a way which is reminiscent of the 
soft photon problem in QED, some qq (soft glue) events are indistinguishable from 
2 JETS and belong in the calculation of that cress-section. 
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Experimentally, it is convenient to look for three-jets only in those events with a 
thrust \T = MAX(z\, r 2 , z3)] of less than some maximum value, typically 0.9. That 
this does not completely cure the problem of ambiguities about whether the event has 
two or three jets U shown in Figure 19. A sample of three-jet events has been generated 
for TMAX = **•"&• AM other events are considered to have two-jet kinematics. At tt. ' 
parton level (solid curves) it is quite clear that there are a well-de6ned number of events 
with thrust less than 0.95 and hence a well-defined "3JETS cross-section." However, 
when we consider the effect of fragmentation on the two-jet cross-section, it is clear 
that some of these events, when measured, will have thrust less than 0.95 and appear 
to be like thre-e-jct events in that respect. As can be seen from the dotted curves in 
Figure 19, the tail of the two-jet distribution at small thrust is almost as large as the 
partoo level three-jet contribution. Before we ?an use the thrust distribution to test 
QCD, we must be quite certain about the tail of the two-jet contributions. 
4.3 GLUON SPIN 

In discussing two jet events in e+e~ annihilation, we found that the angular dis
tribution of the jet (thrust) axis reflected the fact that the spin of the quarks was 1/2. 
We can apply the same principle to the three-jet case to determine the spin of the third 
jet. Experimentally it is easier to determine the axis of a jet than its total energy. 
Using energy and momentum conservation, the fractional energies of the three jets can 
be deduced from their relative angles using 

2sin6: t r , 
xi = — a ^H—-~r 53 

sin 0 ( + sin 8<i + sin 03 

The angular distributions of the jets relative to each other are determined by the 
spin of the jets; thus if the gluon (jet number 3) is a vector particle, the differential 
cross-section is given by Equation (52) namely 

d2<r 2a, f -r? + *2 1.2,3 1 
Vector gluon : - — = _ o0 -^ ;• + , <*,, 

1 i y x 1 M "' permutations ' 
For scalar glnons, the angular distributions are given by 

r. i i d2a d, f i ; cyclic "I , , 
Scalar gluon : _ . . . . _ = -l an { -, -3 \- 3 \ OS 

dx\dx2 3JT I (1 - Ti)(l — *o) permutations j 
where aa is snmc effective coupling constant for the scalar theory. Following the 
nethod of Ellis and Karliner,10 the angular distributions can be simplified by looking 
>r the angular distribution of ig and x$ in the rest frame of r\ as shown in Figure 20. 

The angle 0 can be determined from the measured jet axes using 
cos 9 = X-*^t = ™ °2^™* m 

X[ sin 0i 
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The experimental data from the TASSO detector for energies above 35 GeV and event 
thrust (*|) less than 0.0 is shown in Figure 21 and rules out the scalar hypothesis. 

4.4 DETERMINING O> FROM THE RATIO OF JBT CROSS-SECTIONS 

Naively, one would expect that Equation (52) would allow one to measure a, from 
the ratio of jet cross-sections since 

^ T ~ a , and « m ~ a . ... 
ff2JET *3IET 

Of course, the gluon must have some minimum energy to be observable and since the 
energy spectrum for the gluons will be a bremsstrahlung spectrum 

do Q„ 
(S7| dEdO kO 

we Deed to define a minimum angle 0MIN acd energy k\ux above which events will b" 
called three-jet events. Remember, however, that as Q2 becomes small, a, becomes 
larger. For soft and/or colinear gluoos, the theory becomes nonperturbative and we 
do not know the form which corresponds to Equation (57). As show., in Figure 22, 
this means that we do not know the form of the cross-section belo* 0HM. The total 
two-jet and three-jet cross-sections are thus given by 

»2J£T = *2+ / j MM 
0 

(SS) 

<*JET= / / -drh 
*MIN f MIN 

Note that at the parton level, the two-jet cross-section consists of two parts, the second 
of which we do not know how to evaluate. 

Unfortunately, there is a second complication which comes from the fact that 
experiments do not see partons (quarks and gluons) directly, but see the hadrons 
which result from their fragmentatioo. If we start with an event which at the par-
ton level has two-jets, then each of these jets will result in hadrons spread over some 
angular range as shown in Figure 23(a), both due to the finite resolution of the de
tection apparatus and the fragmentation process itself. As a result [Figure 23(b)), 
some of these events will result in configurations which have energy greater than 
£MK and angles greater than 0MIN- The detected three-jet cross section is now 
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ff3JET DETECTED = (1 - <) <T3JET + 2 JET TAIL 

where t is the fraction of three-jet eventa which aa a result of detector resolution 
and fragmentation are detected as two-jet events even though at the parton level the 
might have satisfied the three-jet cuts for £MCN *nd ^MIN- One of the goals of the 
experimentalist is of course to design cuts which minimize thest problems. This has 
to be done with the aid of a detailed model of the detector and the fragmentation 
process, One can typically reduce the contribution of two-parton eventa which are 
present in a three-jet sample so that if the efficiency for three-jet detection is such 
that approximately ten percent of tbe events are classified as three-jet events, the 
2 JET contamination is approximately one percent of the total or ten percent of the 
3 JET sample. This is sufficient to get a relatively clean sample of three-jet eventa 
for studying particle composition, angular distributions, et cetera. Different models 
of the fragmentation proems, however, disagree about the magnitude of the second 
term in the two-jet cross-section [Equation (58)] and so as yet we cannot use the jet 
cross-section ratios to determine ot precisely. 

6. We Need * Fragmentation Model 

It is clear from the preceding discussion that we need a rather detailed fragmen
tation model to use in extracting information from the data about QCD. Since these 
models are attempting to parameterize oi describe the soft part of QCD which cannot 
be handled perturbativcly, they arc somewhat arbitrary. After discussing the more 
common modeb, we will return to look at the data and see how we can use the data 
to constrain the models. 

There are at present three major classes of fragmentation models, each of which 
have been implemented in large Monte Carlo simulation programs for use in e+e~ 
annihilation. The Independent Fragmentation Model considers the fragmentation pro
cess to be independent of the parton production process. In addition each parton 
fragments independently of the others. Hence quantum number conservation often 
has to be added in a somewhat ad kae manner. The Hoyer, Ali and Fcynman-Field 
Monte Carlos are all of this type. Figure 24(a) shows an example of this type of pro
cess; the fragmentation process msy or may not be different for gluons and quarks. 
String Models, studied extensively by the Lund group, are based on the analogy be
tween strong QCD and 1 + ID QED. The fragmentation process results from qlj 
production at breaks iD s string (or color flux U >e) extending between the partons 
[Figure 24(b)]. Thus fragmentation within thre«-parton events may be different from 
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that in two partem events, and the partons do not fragment independently. Finally, 
QCD shower Monte Carlos (Field-Wolfram, Gfottscbalk, Wcbber-Marcbesi, Mueller) 
generate soft hadronization using a cascade approach which attempts to generate a 
shower of partons using leading log QCD approximations at cacb step 'i. tbe sbower 
[Figure 24(c)]. 

Each Monte Carlo must first decide how many partons to produce using first or 
second order QCD matrix elements or possibly leading log approximations. Tbew 
partons must then be converted into badrons with an independent/string/shower al
gorithm which accounts for quantum number conservation. These primary badrons 
must then decay into secondary hadrons whenever tbey are unstable. In some cases 
those decays are quite straightforward, the angular distributions and branching ratios 
being taken from Particle Data Group compilations. In other cases, such as tbe decays 
of heavy mesons (B, B*, F. . . ) or charmed baryons, the branching ratios CSD vary 
from model to mode]. To complicate the situation further, many groups replace the 
"standard" decay routines with their own favorite secondary decays and branching 
ratios! Finally, tbe response of tbe detector to tbe resulting mesons and baryons must 
be simulated along with tbe effect of analysis and physics cuts. 

5.1 INDEPENDENT FRAGMENTATION MODEL 
The fragmentation of a quark (or gluon) in this model is defined primarily by 

the splitting function f[z) which determines the probability that a quark emits .1 
h&dron with fractional energy z. As shown in Figure 25, if the original quark hss 
four-momentum, ( then each splitting results in a hadron with four-momcitum r f 
and a residual quark with (1 — 2) If. The earliest form of the splitting function used 
in these models was 

/ ( * ) = l - a F + 3o / r ( l - z ) 2 (SO) 

where 

_ (P | | + £)ft 
* ~ ( P | | + E ) , 

Successive applications of this simple splitting function lead to tbe final jet, and 
one can see that tbe inclusive momentum spectrum of primary badroos is completely 
determined by /(z). Corrections for secondary decays of course have to be made when 
comparing to observed distributions. It is an interesting exercise to show that without 
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secondary dears, the successive Application of f{i) results in an integral equation for 
the resultant badron spectrum which b just 

1 i 
tHz) = /<*» -» f%- fil - :') />(p) (60) 

E 

where the second term b the feed down contribution. Furthermore, it n possible to 
show that 

is a solution for all /(?) of the f«*rm 

/ ( s | « ( m + l | ( l - * r (61) 

The impoî ant point to remember is that the hodron spectrum T)(z) is an important 
constraint on the form of f\z). 

As we di»ru»ed hffore, the behavior of the hadronfc events is characterized by 
spverly limited transverse momentum. This is incorporated in'o the model by intro
ducing a, 9j_ for the hadron relative to the quark axis in each splitting. The probability 
distribution is given by 

rf,V .. J In. 
TZ ~ « * 1 / ' (62) 
*'± 

with the <jj_ of the hadron being balanced at encb splitting by the ijj_ of the recoil 
quark q' s sL vn in Figure 26. The spin of the produced hadron is determined at each 
branching by the ratio of vector {p, K*,...) to pseudoscalar (JT, K, .•.) production 
via th« internal parameter 

P 
P + V 

The final state multiplicity is very sensitive to this parameter because of the difference 
between vector and pseudoscatsr meson masses and decay multiplicities. 

Looking at the branching process in more detail, we can see that the type of 
hadron produced will depend on the initial quark and the choice of final quark q' as 
in Figure 27. The meson production results from a series of qq pair productions. The 
type of pair produced b chosen with 
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u D : di : »B = a : a :b 163) 

wit« b < o to acoouDt for the phase space suppression Hue tu tbe heavier n <|uark 
mass, Tbe 0/6 ratio will determine the p : K' ratio as well as the r • K ratio in il>e 
final state. As shown in Figure 28, if one starts from a two-parton s'ate, the primary 
qQ pair will be « : c : rf : s : ft = 4 ; 4 : 1 : 1 : 1. Charmed or bottom mesons or 
baryons arc expected to contain the primary quark, and one pair joins the last q' or 
the q fragmentation with the last q* of the q fragmentation. 

In principle, the fragmentation of a gluon can be described by a similar «rorois, 
but first we need to convert each gluon into a nuark-antiquark pair. In the Hover 
Monte Carlo, all of the momentum of the gluon is carried by one of these quarks. As a 
result, gluon fragmentation is indistinguishable from quark fragmentation. In the AH 
model, tbe gluon b split in.o a quark pair using the Altarelli-Parisi splitting function 
for gluons. 

/ , ( * ) « * 2 + ( I - s ) * (01} 

As discussed before Tor quark jets, / ( ; ) will determine the momentum spectrum of 
hadrons within the gluon jet. 

In the case of heavy meson production, the heavy quark, tends to curry away a large 
fraction of the momentum. Thus the fragmentation function will tend to peak more 
strongly for heavier quarks. In addition, if heavy quark pair production ia stron^y 
suppressed, the heavy meson will always contain th» primary quark and hence vher? 
will he no feed-down contribution as in Eq. 60, The form of the fragment at ion function 
used is 

BI--I = - - • - • . . . ( K | 

The heavier the quark, the smaller the value of t The constants can be determined 
from measurements of inclusive D and \i IIKWOD production. 

Karynn production does not Gl easily into branching processes of the type shown 
in Figures 27 .nd 28, and must be put in phenomenojogically. The observed proton 
fractions in the final states can be roui hly explained if there is a probability of order 
ten percent of producing a diquark-antidiquark pair at each branching in addition ti> 
the process in l\<\. 63. If this u indeed tbe production mechanism for ba yens, V.H 
might expect significant pj_ correlations between bar-on pr-rs 1 7 and we would also 
expect baryons to be cor'elated in rapidity and probably that naryon-antibaryon pairs 
would tend to lie in the same jet d<"" <o local '•nmpensa*- n of bar)on number. 
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Most of the independent fragmentation models have now been modified to include 
diagrams arising from higher order corrections in QCD. Figure 29 shows the type of 
diagrams considered. The earliest Hoyer and Ali models included only diagrams up to 
order a, with two sDd three jets. Subsequent versions of the Ali model included the 
order aj-four-jet contributions, but did not include virtual corrections to the thrcc-jet 
processes. The reason the latter processes are difficult to include is that the virtual 
three-jet corrections cancel divergences in the four-jet processes when one of the four-
jets becomes soft. In order to do thb properly, one must have a criterion for deciding 
when a four-jet event contains a psrton which is soft enough to make it look like a 
three-jet event. An event which looks like Figure 30(a) could arise from a diagram like 
that shown in Figure 30(b). In this case, we can classify the event as a three-jet event 
provided the invariant mass of the soft parton with the nearest jet Li small enoupn. 

Two calculations of the four-jet corrections to the three-jet cross-section inc'^.iing 
virtual corrections originally yielded quite different results. In the first approach,13 a 
small invariant mass cut (My ^, 0.1 Gev) was used and predicted large corrections to 
the three-jet fraction. A calculation using a larger cutoff19 (My £, 5.0 Gev) gave a 
ten to twenty percent correction. The discrepancy has been studied by Cottschalk 
in terms of the variable 

y = - i i (66> 
B 

In the ERT calculation, the cutoff invariant mass corresponds to a y value or 10~S while 
in the FKSS approach, the cutoff is approximately 10 - 2 . As a function of y, Figure 
31 shows thai the four- and three-jet cross-sections are both positi-e only for y values 
greater that 0.03. In addition, requiring the four-jet contribution to be positive for 
thrust values less than 0.9 requ res a y value of approximately y <̂  0.0-1 (Figure 32). 

The total cross-section for hadron production is given by 

2i1 
= ff0[1+^ + (,g8-.l]5N,>^f! (67) 
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where 

11 4ro 2 * 
^ = T-3T ' 

Because of the physical processes involved in fragmentation, three-jet events axe India* 
tinguishable from two-jets when the event thrust is greater than ~ 0.05 and four-jets 
become indistinguishable from three-jets for acoplanarity less than *•»* 0.05, thus the 
observed three- and four-jet cross-sections must be defined as 

2/3 
(68) 

where, for example21 

jf(ii9)-lT<*[ T(l_T) '"(T^T) r r r J • «") 

5.2 THE STRINC-LUND MODEL 

ID the previous model, a q q pair was produced and some time later we imagine that 
the two quarks are moving apart and that eventually they fragment independently. 
However, this model violates several things which we know about quarks. Quarks carry 
color, and this color charge leads to the strong force which binds quarks together to 
form mesons. From potential models of q$ bound states, we find that this force is 
almost constant as a function of the separation between the quarks. This leads to a 
potential energy between two moving quarks which increases as 

E~Kd 

/ r~ lGeV/rm = 0.2GeV3 

where d is the separation between the two quarks. At some point, we will have an 
energy larger than the mass of two light quarks, and we could have qq pair production 
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from the field between the original pub. Scbwiogw22 has shown tbal the behavior of 
3+1 dimensional QCD is very similar to that of 1 + 1 QED in that the force leads to 
the formulation of ft color flux tube with constant energy per unit length between the 
$9 pair, If the separation is large enough, this flux tube (or string in 1 + 1 dimensions) 
will break as shown in Figure 33 leading eventually to the formation of mesons. 

This behavior in 1 + 1 dimensions is often depicted by a graph of t versus z as 
shown in Figure 34. Lines of constant proper time will be hyperbolas in this plot, 
and the velocity of a quark or meson will be inversely proportional to the slope of its 
trajectory in the plane, If a string breaks at two places, A and B as in Figure 33, and 
If the distance between points A and B satisfies 

2 

( ^ - * n ) 2 - « „ - ' f l ) 2 > ^ (71) 

ft meson can be produced. The fragmentation process generates many such mesons 
with the slowest mcsoas being produced first in contrast to the procedure used in the 
independent models where fragmentation starts with the fastest (primary) quarks. For 
this reason, this is called an "inside out cascade." 

If each meson carries away a random fraction of the energy remaining in a string 
segment, the longitudinal fragmentation function will be f{z) = 1, but this is modified 
in QCD by the suppression of high z hadrons due to collinear gluon emission and leads 
to the effective form 

/(*> = (l + e ) ( l - £ ) e 

, - ! » _ _ {tntn

 M "PP» _ ft.fi, "lower ^ ( ? 2 ) 

e _ 3 33-2N/ Vntn ~~AT- ~ M n - j p - J 
where Mupfw !• ^e invariant mans above „hich gluons are considered separately and 

îower a B t v P' c *' MMOn mass square. In practice, the e parameters are left as free 
parameters to be adjusted for each quark type, and are approximately as shown in 
Table i.a 
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Ttbfe4 
Lund Model fragmentation parameters f(z) &» {1 + c)(l ~ zf 

quark « d * e 6 
e 0.5 0.5 0.35 0.15 0.05 

Finite meson mass and transverse momentum relative to the flux tube axis can be 
treated as a tunneling process and lead to production probabilities of the form 

As a result, heavy quark pair production Is suppressed in the ratio 

u : d : a : c - 1 : 1 r 0.3 : 1 0 - n 

and all mesons have the same pj_ spectra independent of their flavor content. 

Hard gluon emission is added to the model with probabilities taken from pertui-
haiivp QCD to order a,. For a three»parton configuration (Figure 35), the string 
is stretched from quark to gluon to sntiquaik. The gluon energy is shared equally 
between two string segments and thus if tbe number of particles produced per unit 
rapidity is a fundamental property of tbe string (or the color Sux tube), the gluon jet 
will be softer tban a quark jet. We would expect to find 

^llgluon * 2 ^ l i q u * r k (?4> 

but this effect may be moderated by finite mass effects and the lower mean energy of 
the gluon jet. This prediction is quite similar to the QCD prediction 

<")gl«e - 4 <"Wk ( 7 5 ) 

where the 0/4 comes from the color factor 
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Since particle production occurs along tbe string, there may be fewer particles produced 
in the angular region between the 9 and tbe 9 than between the quarks and the gluon.21 

The us*; of the tunneling hypothesis Tor quark mass effects has the interesting 
consequence that flavor production ratios, for example—the K/x ratio, are completely 
determined by the vertex weighting factor for each string break 

< K T ) 2 2 2 2 

(WT^? ' W = tn2 + Pi - (77) 
All particle and flavor dependent mass effects should result from this simple factor. 
The model could of course be extended if necessary to include Gavor dependent factors 
other than those predicted by mass dependent suppression of the tunneling probability. 

Baryoo production is introduced into tbe model by allowing the string to break into 
diquark-antidiquark pairs with an adjustable parameter fixed by tbe proton fraction 
in the fin "I states. This is similar to what is done in the independent fragmentation 
modeb except that again production ratios for different types of baryons (p, A, C , . . ) 
are related in a deGnite way by tbe tunneling suppression factors. 

Inclusion of higher order QCD effects in the string model raises several interesting 
questions- In the case of a qQg event, there is only one way to stretch the string 
between the 7 and the <). However, with two gluons, there are two possibilities. The 
"correct" configuration can be chosen provided tbe gluons do not have the same color 
and provided the colors of the quarks are known. This requires a modification of the 
oj QCD matrix elements.5 3 , 1 8 

Gluon jets produced using the string fragmentation picture tend to be softer than 
those produced by the independent fragmentation modeb, so that with a fixed set of 
analysis cuts, some three-jet events in the string picture will be lost into the two-jet 
sample. Qualitatively, this requires an increase in the effective value of as in order to 
produce the same number of observed three-jet events. As will be seen later, this type 
of effect makes it difficult to determine a« in a model independent or fragmentation 
independent way. 
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5.3 CASCADE MODELS 

Cascade models differ from the previous two models in two important ways. First, 
the evolution c f the event is followed using leading log perturbative QCD until there 
are large numbers of par tons in the final state. Soft gluon contributions are elimi-
uated by requiring the parent parton in a branching to have & minimum invariant 
mass, typically a few GeV. Second, before these pattons are converted into hadrons, 
preconfinement takes over, i.e., as shown in Figure 36, groups of partons combine to 
form color singlet clusters. This use of preconfinement means that color screening 
occurs before hadronization. The actual hadronization process must be parameter
ized from low energy data in terms of the decay of these clusters into smaller mass 
subclustera. 

The joining of various parts of the parton shower together into colorless groups 
before hadronization is analogous to a model with many strings. The emphasis, unlike 
the independent fragmentation model, is on incorporating the strong color force as a 
fundamental feature of the model BO that hadronization can be described in terms of 
the behavior of hadrons and not in terms of the fragmentation functions of colored 
quarks and gluons. Unlike the string model which generates hadrons from breaks in 
tbe string, the hadrons in this model are formed from the combination of leading log 
QCD showers and low mass hadronization. Perhaps in the future, wc will be able to 
show that these two pictures are equivalent. 

6. Can We Measure a, from Jet Properties? 

We now would like to return to the question of measuring the strong coupling 
constant a, from properties of the jets observed in the final states. In the earliest 
measurements (1070-1980) there were several groups with of order 1000 events above 
I/B = 30 GeV and there was reasonable agreement using lowest order QCD indepen
dent fragmentation modefe that a, was approximately 0.17. Table 5 shows tbe results 
of these measurements. The MARK J group adjusted the transverse momentum frag
mentation parameter Oq and tbe coupling constant aB to fit the oblatencss and minor 
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Tkble S 

RcsulU on a, (1079/80) 

Distnbutior.9 Fit 
t ittcd Parameter Model 

Higher 
Orders a, (± stat ± syst) 

MARK J 0, Minor <*q, at Ali some O[ol) 0.19 ±0.02 ±0.04 

TASSO 

dN _2 
~%x > rcut > 

S, A 

aF,aq 

p 

PTV> a» 

Hoyer 

Ali some O(oj) 

0.19 ±0.02 ±0.03 

0.17 ±0.02 ±0.04 

JADE 

dN Jl 
"3i" i Vout i 

5 , A 

ar,erq 

P 
F+V' a » 

Hoyer 0{af) 0.18 ± 0.03 ± 0 J 3 

PLUTO 

Number of 

3-Cluster 

Events, x\ 
a* Iloyr 0{at\ ' . +0.03 ±0.02 

axis distributions. The TASSO and JADE groups in addition varied the vector fractions 
and longitudinal fragmentation and fitted the thru9t distributions, the mean transverse 
momentum out of the plane, the sphericity and the aplanarity. The PLUTO group used 
a similar method to fit at as a function of the number of three-cluster events and the 
thrust distribution in these events. 

The first group to make extensive use of the string model, however, found sub
stantially higher values for at. Using five different methods, they found as shown in 
Table 6 that while they agreed with previous determinations using independent mod
els, the string picture required values of a, which were higher by ~ 0.08. This could 
be traced to the tendency of the string model to produce softer fragmentation in the 
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TfcbleO 

CELLO (1082) 0{« () 

Dbtribution 
Fitted 

N{S > 0.25, A < 0.1) 

N | O > 0 . 2 ) 

N (3c)ustcrs) 

dNfdXi 
Energy — Energy 

Correlation 

Hoyer 
Independent Jets 

a, =0.10 ±0.03 

or, =0.10 ±0.02 

ae = 0.145 ±0,020 

o , = 0.155 ±0.015 

a , = 0.150 ±0.020 

Lund Model 
String Picture 

0.28 ± 0.045 

0.26 ± 0.040 

0.235 ±0.025 

0.235 ±0.025 

0.25 ±0.04 

three-parion Gaal states. These results disagree with a similar determination by the 
JADE group which Gts the numher of three-cluster events and the thrust distributions 
and finds o, = 0.20 ± 0.015 ±0.03 for both modeb. 2 0 

While the discrepancy is still not resolved, part of the problem may lie in the fact 
that the CELLO fits using the Hoyer model are not in good agreement with the data for 
bo' \ the thrust distribution and the pj_ distribution as shown in Figure 37. Clearly it 
b important to optimize all of the parameters in each of the models to give the best fit 
to the data before comparing values of a,. The TASSO group lias made a comparison 
of this type. They modify the longitudinal fragmentation function in the independent 
fragmentation model which was originally of the form 

/(z) = 1 - a + 3 a ( l - zf (78) 

to be of a form similar to that used in the string models, namely 

m = {l-t-aL)il-g)°L (76) 
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for u, A and a quarks. Heavier quarks are treated with a fragmentation function given 
by 

/(*>• 

where < = 0.18 for * quarks sod « = 0.04 (or 6 quarks. The p to # ratio b used to 
determine the paeudoscalar fraction and they find 

P 
P+V 3=0.42 (31) 

The K production fraction determines the strange quark fraction in the sea 

«8 99 A M 

and the proton fraction fixes the ratio of baryon to meson plus baryon production 

Frob(g-»q f + B) 
Prob (9 - o' + M) + Probfo -+ q' + B) = 0.1 (88) 

This leaves three free parameters aL, o9 and at which can be used to fit the remaining 
shape measures. The results of the fit using 0[a$) matiix elements (FKSS) are shown 
in Table 7 and agree qualitatively with the CELLO conclusion, that the value deduced 
for a, is model dependent. 

Table 7 

TASSO0fo£) Measurements of a , (Prehminaiy) 

Method Independent String 

*f. <?i t <h 0.166 0.216 

*P. PL. PI 0.155 0.201 

3 Clusters, 0(at) 0.170 0.237 



A similar study by the MARK J group 3 7 uses 0(o;) matrix dements (ERT) and 
fits the energy-energy correlations (discussed later) in the range | cos x\ < C.72. ID this 
cose they find agreement between the two models OD the value of ag: 

a, = 0.14 ± 0,01 Lund model 

ott = 0.12 ± 0.01 Alt model 

in disagreement with the CELLO 0{a,) result for energy-energy correlations of 

oj = 0.15 ± 0.02 Hoyer model 

a, = 0.25 ± 0.04 Lund model 

There is considerable disagreement on the precise value of a,, and several system
atic effects must bi taken into account when comparing the different measurements. 
Different groups ute different parameters within the independent models to fit their 
data. Some of these parameters (particularly a9) will affect the value found for a.,. 
The inclusion of higher order effects tends to decrease the value of a,, and finally, with 
each model, determining or, from the number of three-cluster events or the energy-
energy correlation tends to give smaller results than the use of thrust distributions 
and shape parameters. Hopefully a detailed comparison of all of the parameters used 
to determine aa and the sensitivity of a« to these parameters will eventually allow us 
to make this measurement. Meanwhile, however, our confidence that this can be done 
in a truly model independent manner has been considerably shaken. 

7. Determining Fragmentation Parameters 

From the preceding discussion, it is clear that we need to carefully constrain the 
fragmentation parameters of the models and test our ideas about this soft physics with 
the available data before we can make further progress on the perturbative predictions 
of QCD. There are four ways in which this is currently being done. 

* First, the mean multiplicities aud momentum spectra of identified particles 
must be studied to determine the strange quark fraetioa b the a&a, dionark 
production probabilities, and the spin ratios p : JT and K* : K. 
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* Second, we should study the way in which quantum number* are conserved. 
Are they conserved locally? Is there detailed pj_ bait-ate between produced 
bsryons? Are strange particles produced in pairs close together in rapidity? 

* Third, heavy quark fragmentation must be studied to leacb us about quark 
mass effects and to parameterize /(-) for e and 6 quarks. 

* Finally, we should look for differences between quark and gluon jets to distin
guish between models (Itoyerj where their fragmentation is identical and other 
models {Ali, Lund) where eventually we should see differences in the momentum 
spectrum of fragmentation product1) or their multiplicity. 

We now discuss the experimental information available on these questions. 

New data on particle fractions are available from the 'i t'C detector which uses the 
&bcrc. truncated mean of 120 samples per track to measure the dE/dz energy loss of 
particles in the gas of the TPC detector. Different types of particles will have different 
energy losses depending on the 3 of the particle. Figure 38 shows the observed bands 
and allows separation of most particles out to momenta of order 1 GeV. Above 4 GeV, 
the particle fractions can be determined by fitting the distribution of energy losses. 
The resultant particle fractions (preliminary) are shown in Figure 39. Similar data are 
shown in Figure 40(a),(b) and (c), from the MRS, DELCO, and TASSO detectors. The 
HRS uses time-of-flight techniques to separate 'he particles, and the DLLCO detector 
uses Cerenkov detectors. The TASSO detector uses a combination of timc-of-flight and 
Cerenkov techniques. The dar. show good agreement between the different detectors 
and techniques and indicate that as the particle momenta increase, the difference 
between JT, K and p production diminishes. Extrapolating from the observed behavior, 
it appears that at momenta of order 20 GeV, we would no longer see any dependence tf 
the production mechanism on either the strangeness or baryon number of the produced 
particle. At high momenta it Li important to remember that the paitic'^ fractions 
are separated statistically by all three methods and hence the fractions have highly 
correlated errors. 

There are still some normalization differences between experiments, particularly ID 
the proton fractions. The original versions of the Lund model adjusted the diquark 
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production probabilities t>> O0R."> using data taken in tb» tPKAR rangy ran^e. Data 
frcim iht* MARK it and TASSO detectors indicate that a higher rate o( proton prwlw-
IHIII [.- w n nt higher •i\"t^f and are consistent with a diquark probability of 0.10. 
I iRiirn II. Iiowpiv r. show, a compareton of (tie MARK II <lata on proton fractions 
with the wen" lifts data. The MRS proton fraction b \aw-t and probrbly in brtl«r 
agrfi-nii'iii with the ongin.il 0 065 number. 

ThrtTI.1.0 group has compared the prodw tioa of neutral and charged sr mesons. 
r igun- 12 -IĴ IWS that the r* -.pectrum is the same within statistics as the a,° spectrum 
TJn-n- is little room for significant amounts^ of n pfxluction which would grv an 
enhanced yield or JT*'S The data are in f o d agreement with simple i«'*pin arguments 
which pr^lirt 2ff(s-*) == ff|» l ) + ffiir~J. When compared lo hadrotis. it appears thm 
the r. wwn. Iwhith are lighter} fall somewhat more steeply as expected from phase 
spare ar^inii>n; The charged ff IH»BOB spectra at low and high energies are shown in 
Figure -13 and show i steeply falling expnji'TitiRl with a dower fall off at high r, ngain 
as predicted by our phvn> *paee argument* 

Having measured the irHusUn distribution for pinna which is determined hy itm 
longitudinal fragmentation function / [ ; ) , we can compare it to the same distribution 
for K mesons to ief if thi- production dynamics of A"s arc similar. Figure 11 shown 
the inclusive distribution of A" mesons together with the range of value* seen at the 
same energies for ff mesons At hi^o x, the slnpes of the distributions are quite similar 
indicating similar fragmentation mechanisms. At low z, the suppression nf thi K 
u>"sor>s .s due to the heavier mass t>f these objects since as show i fn Fv|uat>o» (14) we 
ftp«'ct it, «t'»pe r>r ih» exponential falloff in the low jr region to he "smaller for higher 
dufw. frigure 4> compare the behavicr of the ptolons with t*iat of the K * mwrnn 
and again, (he Miavmr is similar in the high x region, and the slope is somewhat 
smaller in the low x r-t;i(.n for the heavier particle. 

In studying particle production r?tic*. neutral K tnev-n* and A baryons art- useful 
brrause tbey can be dctKtrd over a much larger momentum range tbaa charged A"* 
i.r pri-ton* The detection technique for these particle* is based on Boding the twn-
b'-dy decay mod'* A" — ff*;r~ and A — j>*~ Wilh somewhat reduced efficiency, 
ibis allow.' d-t«-tf ,s whi^b do not ha** Cerenkov detectors to study tke inclusive 
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spectra of these particles. Figure 4B shows a comparison of the K° and A spectra with 
the IT meson spectra from data taken by the TASSO detector. The ratio of K to A 
production is -»' 2.7 over the range 0,1 < X < 0.3. This ratio is a free parameter 
in the independent fragmentation modeb, but is toted in the LUND model due to the 
presence of t~ ' vertex factors. 

7.1 ENERGY D E P E N D E N T PARAMETERS 

ID making these comparisons, we have so far ignored the fact that the particle 
fractions are changing as a function of center-of-mass energy. As shown in Figure 47, 
there is considerable information about the behavior of these fractions, and in principle 
we should expect that the model used to parameterize the high energy fragmentation 
behavior would also predict the observed energy dependence. In practice, while many 
groups have tried to optimize the model parameters at a single energy, very little work 
has been done to determine whether a single set of parameters also gives a consistent 
picture of these energy dependent effects. 

In fact, we know that at least some of the parameters used in present models 
are energy dependent. This means that in order to implement a single set of energy 
independent parameters, the model builders will have to include further dynamical 
effects. As an example of this erergy dependence, we examine the behavior of «9 
production from the sea. In order to determine this parameter, we must fit the observed 
rate of K" production. 

Figure 48 shows that the number of iC°'s observed per event changes by -— 0.4-0.6 
when crossing the charm threshold. Thus at ~ 5 GeV, roughly half of the observed 
rate comes from charm, and half comes from u, d or e quark production. Since the 
number of K's from charm depends for the most part on decay branching ratios of 
charm mesons, we ask ODly that the fragmentation model predict the observed K° 
rate which does not come from charm. For values of the probability of «S production 
between 0.0 and 0.1, the Feynman-Field model predicts n on charm Jf* rates between 
0.57 and 0.92, The observed rate,2* however, b 0.52 ±0.05 which gives an estimate of 
n»of 

P$l < 0.03 @ 7.3 GeV 
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There arc several additional uncertainties wbieb must be accounted for in repeating 
this exercise at higher energy. Both bottom and charm mesons will now contribute 
lo the observed K° rate. Furthermore, tbe effective branching ratio of b, e quarks 
to K" will depend on tbe fraction of D* and D mesons produced. Figure 40 shows 
the (preliminary) MARK II rate for ff °'s per event together with tbe prediction of 
the independent fragmentation model as a function of /#; for values of B(b, c -* K6) 
between 0.36 and 0.56. This yields a value 

Pa = 0.08 ± 0.04 Q 29 GeV 

This value of P& assumes that the production of strange baryons proceeds through 
mechanisms other than strange quark sea production. If, however, A production comes 
predominantly from diquark production with strangeness provided by an s i from the 
sea, then Pej must be increased by — 0.04. 

By comparing the low energy value of Pa to the high energy value, we see that 
this parameterization of strange quark production 'J energy dependent. This b not 
really surprising since the independent fragmentation model does not explicitly account 
for quark mass effects and is using the P»i parameter to describe the phase space 
suppression of the heavier strange quark. While the 1 GeV rest mass of the pair 
is significant at 7.3 GeV, we expect it to be less so at higher energies. It would be 
an interesting test of tbe dynamical model of such suppressions in the Lund model 
(i.e., tuDneliDg) to apply that model to the center-or-mass energy variation of strange 
meson production . 

7.2 CORRELATIONS BETWEEN PARAMETERS 
In addition to being energy dependent, many of the fragmentation model parame

ters are highly correlated. As as example of this, we now look at tbe effect of changing 
the vector fraction on tbe previous parameter P,j. If the production probabilities of 
ii and e quarks at each branching are related by a ~ .3 u, then Pt% will be given by 
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The observable is, however, not P,j but the rAte of K's per event. If we observe 
--• l.3A*0/event and again assume that 0.4-0.6 comes from charm production, then 
roughly 1 rV/eveut is due to a a production in the branchings of the fragmentation 
process. But to convert P,i into an observed total rate, we need to know how many 
branches, /V*e, there are on average in the fragmentation. This number of branches 
will of course also determine the final state multiplicity, however, it is only the primary 
mesons whose multiplicities are directly determined by NB. 

For a fixed secondary meson mi'SlipIicity, JVS, the relation between Ng and Ns 

a) J hrnce the relation between Pej and /V -̂» will depend on the vector fraction,V. 
For nxample, if JV S ~ 18 and the vector fraction is I, the primary multiplicity is JV s/2 
because the primary mesons are all p mesons and p —» JTJT. Since 1 K'/event will come 
from one sS pair (assuming equal charged and neutral A"s), this translates to a P^ of 

f 1/18 V = 0 

- (85) 
TOT * ' 

1/9 V = I 

The vector fraction can be directly determined by fitting the observed rates for p 
and K' production. Figure 50shows the observed JTJT mass spectra at 7.3 GeV (MARK 
t) together with fits for a smooth background and K" and p production. The measured 
p" spectra yield 0A±0.lp°/event which gives a vector fraction 

V = 0.24 ±0.12 at 7.3 GeV 
(86) 

P = 0.76 ±0.12 

A similar measurement has been made by the TASSO group, 3 0 and is shown in Figure 51 
for data taken at 14, 22 and 34 GeV. Figure S2 shows the inclusive cross-section at 34 
GeV compared to the it meson distribution with the familiar features of suppression of 
bigb mass production at low x and mass independent production at high x. The total 
number cJ p°/event in the x range 0.2 < x < 0.7 Li shown in Table 8 and determines 
a psevidoscalar fraction of P/{P + V | = 0.42 ± 0.08 ± 0.1& or 

V = 0.58 ±0.17 
(87) 

P= 0.42 ± 0 17 at 34 GeV 
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Table 8 

TASSO* Production 

fa per event (0.2 < * < 0.7) V^(GeV) 

0.33 J 0.06 ±0.07 14 

0.22 ± 0.0ft ±0.05 22 

0.22 ±0.02 ±0.05 34 

The vector fraction is suppressed at low energies presumably because of the higher 
miss of vector p compared to pseudoscalar w> If there were no mass effects, we would 
expect the pseudoscalar to vector ratio to be tbe ratio of number of states 

Although consistent with V = 3P, tbe central values of the TASSO measurements give 
P/V ~~ 1/1.4 and the 7.3 GeV measurements give PfV ~ 3.5/1. 

ID summitry, tbe study of perturbativc QCD effects such as tbe determination of 
a, requires a detailed parameterization of hadronization. Different models at present 
seem to give different results, thus we must be sure that each model correctly describes 
as many features of the data as possible. We already know that models as different 
as the Ali and L'ind approaches can be adjusted at a particular energy to be virtually 
indistinguishable. Thus, tbe only possibility to distinguish between different dynam
ical assumptions appears (o be to make use of the center-of-mass dependence of the 
paramvteruations. A.« w« have seen, this is complicated not only by the fact that there 
are charm and bottom thresholds between the tow and high energy regions, but also 
by the faci that tbc models rely heavil) on tbe simplifying assumptions of masstess 
quarks and statist)'-.il spin ratios and bene* cannot be expected to correctly predict 
low energy phenomena. 
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sv lit ine kiavt (i.itti! only tin' single particle inclusive distributions and particle ra-
in.* u» ifc.1 tlic ilyii.iniu'ji of fragmentation. It ia also possible to use particle correlations 
iuj tit psfitiulitr to look at thc details of the ways in which charge, strangeness and 
t'AtHvn uutitttvT piTr coiistrved in the models. In a mode) ol fragmentation which uses 
ihe siM|tit-utiiil induction of q$ paira such as that shown in Figure 53 for example, we 
tuniM fvprci that strangeness conservation is accomplished locally by the production 
»( .1 9 pairs. If the particles from such a pair tend to lie close together in rapidity, then 
thi-re should be strong rapidity correlations for paire or strange mesons. Similarly, 
if batyon production arises from diquark-antidiquark production, baryon-antioaryon 
pairs should show similar correlations. 

Charge is also conserved locally io such a. model. Note that if the event ia divided 
into two jets as shown in Figure S3, the charge of each jet is either 0 or ±1 depending 
on thc flavor of the "last" q$ pair. Groups of particles separated by ~ 2jfMAx/^s 
should have zero net charge, and leading particles in each jet should be oppositely 
charged. The first evidence for this type of behavior was found by the TASSO group.3 1 

The data in Figure 54 shows the charge compensation probability 0 r(s/,y') which 
is thc probability for fixed y1 that the particle charge at y' is compensated by an 
oppositely charged particle at y normalized KJ the density of particles at y and jr'. 
As can be seen ir. the figure, the charge of a particle tends to be compensated by 
a short range correlation with other particles with Ajf ~ ±1.5. The open circles 
compare the results which are obtained using the same events but randomizing all 
of the charges in the final state. In principle, this randomization should only be 
applied to primary mesons, siLL.e we have already seen, Eq.(87), that vector meson 
production is significant. Nevertheless, the results are in good agreement with an 
independent fragmentation model of the Ali type. In addition to the short range 
correlation, the fastest particles (2.5 < |y'| < 5.5) show a long tail in the charge 
compensation probability indicating that ~ 15 ± 3% of thc charge is compensated 
by particles in the apposite jet. The authors were unable to reproduce this long 

, range correlation using a mode! which produced neutral partons [MC{gg)\ obeying 
Feynman-Field fragmentation, and interpreted it as evidence for the production of 
charged primary partons. 
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In a similar study of two particle charge correlations, the PLUTO group found 3 2 

that the mean charge of a jet in a- two jet event was 

\Q\ = 0.55 ±0.25 (80) 

This was determined by extrapolating the observed mean jet charge with experimental 
outs between the values detected for Feynman-Field jets with charges of zero and 
one, This value is in good agreement with what would be expected from the simplest 
model. Let us assume that primary quarks u, d, a, e, b are produced with probabilities 
4/11 : 1/11 : 1/11 : 4/11 : 1/11, and qij pairs of the type v, d, s are produced in the 
ratio 1 : 1 : .3 or .43 : .43 : .13. Then a charge one jet will result from a w quark 
provided the "last" quark pair is of the d'd or si type. Similarly, charge one jets will 
result from d quarks when the last pair is a u 11. Thus the average jet charge is just 

2 X -^ X |.43 + .13| + 3 X ^ X [43] = 0.52 (00) 

Figure 55 shows preliminary data from the TPC detector. Tbey measure the 
product of charges io the two jet* with a gap of width Ay excluded from the central 
region. Thus for Ay - • 0, this product is the product of jet charges, and for Ay —» 8, it 
measures the correlation of the leading particles. The event sample consists of events 
with sphericity less than 0.25 and ch;irged multiplicity greater than Eve. Abo shown 
is the fact that the fragmentation parameters for two-jet events in the Lund mode) 
reproduce the shape of the observed correlations and that models with random final 
state charges or randomized charges for the primary mesons do not agree with the 
data, Similar (preliminary) data are shown in Figure 56 from the MARK ij detector 
(an xj_ cut is used in place of a rapidity gap) and compared to the behavior of charge 
one and charge zero jets in the Ali model. As in the case of the PLUTO data, one caa 
extrapolate betweeD the behavior of these two samples to determine the mean charge 
product oT two jets 

-{<?]<?:>) = 0.53 ±0.12 (01) 
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7.3 BARYON CORRELATIONS 

If the diqu&rk production mechanism is correct, we would expect that baryocs 
would also show short range correlations. Other mechanisms may also lead to such 
effects; in any case it is interesting to determine whether baryon number is conserved 
locally or globally. We can study the mechanism of baryon production most easily 
by comparing tbe rates of proton-antiproton pairs produced in tbe same and opposite 
jets, Early data using timo-of-flight techniques in the MARK II detector33 used pairs 
of baryons in the region x < 0.14 and showed only slight enhancement of same jet 
pfs in the soft region. 

This has been extended by the TASSO detector which uses its hadron arms to 
identify protons in the ranges 1 < p < 2.3 and 3 < p < 5 GeV/c. In a sample 
of 26,376 hadronic events, they Gnd as shown in Table 0 that the observed pairs are 
predominancy produced in the same jet. 

Table 0 
TASSO Baryon Pairs (no acceptance corrections) 

Opposite Jet Same Jet 
PP 

«>. PP 
22 ±2.8 
1.8 ±2.6 

15.2 ±4.6 
-0.05 ± 2 

As improved statistics become available, it will be interesting to test the diquark 
model assumption tb.it the p_̂  of the diquark (baryoD) relative to the fragmentation 
axis is balanced by the p± of tbe antidiquark (antibaryon). This question has been 
examined by Bartl tt at,, who suggest several tests or this mechanism. These studies 
should also be extended to pairs of strange mesons, although since tbe probability of 
tl production in the fragmentation process is higher than diquark production, the 
increased number of el branchings will make it more difficult to test detailed p_|_ 
balance and short range correlations. 
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7.4 HEAVY QUARK FRAGMENTATION 

The presence of heavy quark thresholds considerably complicates the analysis of 
present data since it means that mass effects which fall off as a power of 

2MQ 

can remain important to quite high energies. It is important then to correct]/ parame
terize the fragmentation functions of heavy B and D mesons. Theoretically wo expect 
the transition probability between a heavy quark Q and & state containing the heavy 
quark plus a light pair as shown in Figure 57 to be given by 

where A i ? ~ E{Qq) + E\q)- E\Q). If the heavy meson Q$ carries a fraction s of the 
initial quark momentum, A£T is 

(Afa + ^ 2 ) 1 / 2

 + (M^(l-,)V) 1 / 2 -(^ + P 2 ) , / 2 - l - i - T f - : (04) 

where i = (mq/Mq)-. The resulting transition probability will be 3 4 

2 \ \ -

wbicb peaks toward larger z for heavier mesons. 

Heavy mesons have been directly detected using the reaction 

D'+ — D"x+ BR = 0.44 ±0.1 
U K~ir+ BR = 0.03 ±0.08 

Due to the small mass difference between the D* and the D mesons, 

A/iD'*) - M(D°) = 145.3 MeV 

= m„ + 5.7MeV 

98 



" - B J 

Figure 57 

90 



the system is highly constrained and a dean sample tan be found without identification 
of the K meson.35 Recent data from the OELCO detector uses Cerenkov identified K 
mesons to search for £V*s in the mode 

—» 0V»-
L Kg 
— Ktx 
_» Kitmt 

The measured cross sections as a function of the 2 of the D* meson are shown in 
Figure 58, where for comparison all measurements have been normalized to a 0* -» 
Dir branching ratio of 0.44. Table 10 shows the values obtained for the c parameter 
from fitting the z distributions to a fragmentation function of the form (95) and the 
total cross-sections and R values for D* production. The average R value is 1.85 which 
indicates that D* production is a significant fraction of the total charm and bottom 
quart- fragmentation 

4V+ + D-) 
2ff(lt + 2<riB 

(06) 

Table 10 

D* Production Spectra and Cross-Sections 

Detector v» t W) RD* 
MARK il 20 0.25 0.25 ±0.13 2.5 ± 1.3 
PELCO 20 0-30 ±0.16 0.20 ±0.3 ±0.07 2.0 ± 0.S 
CLEO 10 1.6 ±0.6 1.8 ± 0.7 
TASSO 34 0.18 ±0.07 0.094 ±0.041 1.25 ±0.32 ±0.44 

As shown in Figure 50, the HRS detector has detected D° mesons directly in the Kw 
mass spectrum. Thb allows a direct comparison D* and D* spectra which are found 
to be similar, and eventually will eliminate uncertainties in the total P* production 
rate due to the /?* -* £)* branching ratio. 
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Ciiairn uLd bottom mesons can also be detected indirectly by fitting the transversa 
momentum spectra of leptons from the semiieptonic decays of these mesons. Detected 
leptns are binned in momentum and transverse momentum and the spectrum is fit 
with the semiieptonic branching ratios BR(c -* e), BR lb -+ r) and the shape of the 
b fragmentation function (fj) as free parameters. The shape of the e fragmentation 
function is taken from the D" cross-section. Since high p_|_ bins are dominated by 6 -* 
« and low pj_ bins are dominated by c -* e, the two contributions can be separated. 
The TCSUHS of the fit from the MARK II detector3 6 give 

B R ( e - e ) = 7 ± 2 ± 2 % 

BR(b-+t\=U±3±Z% 

lb — o o ' ' -0.25 

Similar measurements have been done by the MAC detector using the muon spectra. 

They find37 

BR(e ~*(i) = 7 .6^7% 

BR (6 — ft) = lS.5+^% 

'* = 0.M8lg;^ -
Figure 60 shows a comparison of the fragmentation functions for heavy mesons for 
values t c ~ 0.25 and fj, ~ 0.04 and indicates that the spectrum from b quarks is 
considerably harder than that of c quarks. Using a value of tc ~ 0.25, the expected 
parameter for 6 quarks using Equation (Q4) would be 

* t ~ ^ - ^ ~ 0 . 0 3 (97) 

in good agreement with the data. 

7.5 GI.UON FRAGMENTATION 

The gluon fragmentation function is believed to behave atympiolicaUy in QCD 
in i way which differs from quark jets. The total multiplicity and mean transverse 
momentum of gluon jets should be larger. In order to test these predictions, however, 
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Vie must be careful since, on average, the energy of gluon jets is much less than that 
of observed quark jets. Figure 61 shows the energy distributions dN/dz; of the three 
jets produced in QCD at the parton level. Note that there is almost no overlap 
at a fixed center-of-mass energy between the fastest jet (quark) and the slowest jet 
(gluon). In fact, in the region where they overlap, the conTusion about which jet is 
actually the gluon is maximal! Since we have seen that particle fractions and other 
jet parameters are energy dependent, we would like to compare jets which we believe 
to 'if gtuons with quark jets ot I be tame energy. This has been done by the JADE 
group using center-of-mass energies of 22 GeV and 29-30.4 GeV. 3 8 Gluon jets of energy 
between 7 and 10 GeV come mainly from the higher ccntcr-or-mass data, and can be 
compared to fast jets coming predominantly from the 22 GeV sample. Figure 62(a) 
shows the mean transverse momentum of the three jets (rj > xj > 13) as a function 
of the detected jet energy. The jet energies are calculated in each event from the 
angles of the three-jets. The observed distributions are consistent with an independent 
fragmentation model where Oq b 500 MeV/c for a gluon and 330 MeV/c for a quark jet. 
Tliey are also consistent with the Lund model which results in a softer fragmentation 
futif-lion for gluons than for quarks (see Equation (74)J. As shown in Figure 62(b), 
tlie-e differences are not seen in Monte Carlo events where the quark and gluon have 
identical fragmentation functions (Hoyer mcxlel). 

In order to eliminate the possibility that ibe above result arises from incorrect 
idrni'f cation of the quark axis for the fi/st and second jets at 22 GeV, the JADE 
group has also compared the pj_ spectra of particles seen in a 50° cone around the 
third jet at 33 GeV with the spectra seen for a similar cone around the axis of two-
jet events at M GeV. 3 0 Again, the Monte Carlo shows that there is little relative 
bi:Ls in the two spectra [Figure 63(a)] and that similar spectra are obtained for Monte 
Carlo data with identical quark and gluon fragmentation functions. The data indicate 
[Figure G3(b)| again that the gluon jets it 33 GeV arc wider than the quark jets. 

The particle compositions in the glnon jets could also differ from quark jnis. In 
this respect, since the average glunn jet energy is small, we would expect heavier mass 
particle production to be suppressed at low energies as it is in quark jets, Gluons. how
ever, are flavor blind. Unlike the fragmentation process which involves very soft gluons 
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so that strange quarks are suppressed, three-jet events contain hard gluons and hence 
may result in increased strange particle production. 

An interesting hint that this ni<i> be the case has beeD found by the TASSO group 
which has compau-d the A, A yield in three-jet events with that found in the entire 
event sample. The yield in three-jet events is''0 

0.052 ± 0.010 A't/event 

and in the entire sample it is 

0.022 ± 0.003 \'J event 

Since no correction has been made for the lower average energy of the gluon jet, this 
may indicate significant enhancement of A production for the third jet. A similar 
enhancement has been seen by the JADE group in the production of ry mesons.*' 
Events identified at 34 GeV as 2 jets (S < 0.15) contain 

0.22 ± 0.08 ± 0.06 T} j event 

while the event sample as a whole has 

0.72 ± 0.10 ± 0.18 i} I event 

In both of these analyses, no corrections have yet been applied for the contribution of 
b and c quark events to the non-two-jet samples. 

8. Energy-Energy Correlations 

The parameterization of fragmentation is obviously a difficult and complex task. 
There are a large number of parameters in any model which must be determined 
from the data, and as we have seen, most of these parameters are correlated or en
ergy dependent. While some of the fragmentation studies which have been mentioned 
are interesting tests of soft badron dynamics (quantum number correlations, particle 
fractions in the third jet, baryon dynamics), our primary purpose in studying fragmen
tation was to eliminate uncertainties due to soft corrections to perturbative processes. 
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It appears at present, for example, that different models make different predictions 
about the relationship of the perturbative parameter at and the observed three-jet 
fraction. 

One can, however, take an entirely different approach, and look for new observables 
which will be insensitive to fragmentation. This assumes of course that hard and soft 
processes do in fact factor and that such observables exist. This is by no means a 
proven conclusion yet in QCD.*" 

One possibility for a fragmentation independent measure of a, is the behavior of 
the correlation function between two energy deposits in finite solid angle elements. As 
shown in Figure 64, one determines the energy weighted cross-section for two solid 
angle elements fJ[ and fij: 

1 dZ 
erg dflj dflo 

Although this cross-section looks quite complicated, it solves a number of QCD prob
lems. Since we look only ut the energy deposit, and do not ask whether the parent 
parton is a gluon or a quark, problems due to collinear gluon emission within a quark 
jet are eliminated. Furthermore, soft gluon problems are cured by using the energy 
weighted cross-section. 

Tbe energy-energy correlation function can be calculated in first order QCD and 
is of the form*3 

1 dY, ,, , I / da da \ ., . 3 , „ A , , 
«T0 dn^m2 = A M a ( m - ^ d ^ r 3 ^ I S <«"* + « * ' « » ' ' > 

where the two elements of solid angle Oj, U% are specified by angles 6, <*>, 0',$' and \ 
is tbe angle between dU\ and dtl?- The functions A and B determine the independent 
and correlated parts of the energy deposit and are given by 
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*>-fcpi[G-a*«-"*F-B-i] 
(100) 

where z = (1/2H1 — cos x^ Note that both of these functions are proportional to a,, 
aod therefore if second order corrections44 are small, one could hope to determine a* 
directly from a fit to the energy-energy correlation. 

We can also see from the forms above that the perturbative calculations tend to 
be singular both for large and small v., (2 = 0, 1). In these regions, one should not 
attempt to Et the energy-energy correlation to the perturbative formulae since there 
are significant logarithmic and fragmentation dependent corrections.45 In the simplest 
models of fragmentation, one expects the fragmentation contributions of a single jet 
to be of the form43 

e t P - L ' «in"3>; (101) fiLLJ 

whore the coefficient e(pj_) measures the width of the energy weighted jet, and depends 
on the jet multiplicity 

(n) sze tn ^/i + constant (102) 

If the fragmentation b the same for both jets in a two-jet event, then it contributes a 

symmetric term which will cancel in the asymmetry 

This cancellation b however, not complete in a three-jet event as illustrated in 
Figure 65. Jets two and three are not at x *• 180° and may have widths which 
differ Ifom those of jet oue. Thus we expect soma residual fragmentation dependence 
even in the asymmetry.49 
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Figure 66 shows the data from the CELLO collaboration47 for the energy-energy 
correlation as a function of x> A fit for a, yields 

a , = 0.21 ±0,01 
, . (MM) 

c{p ±) = 1.2 ±0.05 

to first order ID Q,. Fittiog (be asymmetry alone gives a value of at of 

a, =0.15 ±0.02 

A similar fit by the MARK 11 collaboration40 gave 

« , = 0.19 ±0.02 ±0.03 

to first order in a* and used a fragmentation form 

-=5*1 I *i*x * (105) 
V* I sin* "»X < 0 

Data from the MAC detector are shown in Figure 57. The data from different detectors 
cannot always be compared directly because they may or may not be corrected for 
experimental acceptances. In addition, the MARK II data are normalised using 

« 

and the MAC data are normalized to 

EiEj 

At the moment, there are still uncertainties of order 6fteen percent in the value of 
a, determined in this way due to uncertainties in second order corrections, the form of 
the fragmentation contributions, and the angular range of x which should be used to 
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fit for ae. The technique, however-, seems promising, and recent data from the MARK J 
collaboration48 indicate that by fitting a, over the restricted region |cosv| < 0.72 
and using second order corrections (ERT), the independent and string models give 
essentially the same result for a, 

at = 0.14 ±0.01 Lund 

a , = 0.12 ±0.01 Ali 

0. Summary 

We have a simple pcrturbative picture of the production of hadrons from e + e - an
nihilations which works quite well in predicting the main features of this interaction. 
It explains the magnitude of the total cross-section, the basic two-jet structure, and 
the final state angular distributions. It is also consistent with our present ideas about 
the structure of hadronic matter and the requirement that at high enough energies, the 
corrections due to strong interactions are small and hence treatable in a perturbative 
sense. We have seen, however, that to progress beyond this point requires a detailed 
model of fragmentation phenomena and that differences in models prevent us from 
making clean predictions about QCD. It is therefore important that we continue to 
study the fragmentation process and i ry to parameterize it as well as possible. Large 
amounts of experimental data are now available on this subject, and new tests will 
become available as experimenters look in more detail at the behavior of quantum 
number correlations and energy dependent efeets. In doing this, it will be impor
tant to keep in mind that mass effects can yield significant energy variations in the 
model parameters. 

Our eventual goal should be to find ways of treating the data which will yield quan
titative tests of QCD. Studies of three- and four-jet fractions, three-jet fragmentation 
properties, and energy-energy correlations have begun, anci hopefully with improved 
understanding of fragmentation effects, will yield such tests. 
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