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ABSTRACT 

We examine the jet structure in e+e- annihilation arising from two 

processes: (a) the bremsstrahlung of a hard gluon, and (b) the emission of a 

meson at wide angle via the constituent interchange model (CIM). At PEP/PETRA 

or CESR energies both processes, if present, are found to broaden the sharp 

transverse momentum damping of jets observed at SPEAR. At lower energies 

and large transverse momentum we find that the CIM process prevails. But at 

the upper range of PEP/PETRA energies the gluonic process should be dominant. 

We also examine the jet structure generated by the decay of a bound state of new 

heavy quarks into three gluons. Should such qu,arks (mq> 5 GeV) exist, this 

bound state provides an ideal place to look for gluon-induced jets. Other topics 

we have studied include (i) jet structure via the production of four quarks, and 

(ii) different possible gluonic fragmentation functions. Jet structure in deep 

inelastic lepton-hadron scattering process is also briefly considered. We con- 

clude that e’e- annihilation is probably the cleanest place to search for gluonic 

structure, whose existence would be striking evidence in favor of &CD. On the 

other hand, the absence of such structure would necessitate a reexamination of 

our intuitive understanding of QCD and a serious consideration of other field 

theoretical hadronic models, e. g. , the quark confining string, which, unlike &CD, 

does not possess gluonic degrees of freedom. 

*Work supported by the Energy Research and Development Administration. 
(Submitted to Phys. Rev. ) 
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1. INTRODUCTION 

One of the most striking discoveries which has emerged from the study of 

electron-positron annihilation at SPEAR1 is the observation that at center-of- 

mass energies greater than 5 GeV, hadrons are produced predominantly in back- 

to-back bursts, called jets. These jets are characterized by three distinct 

signals: first, the transverse momentum of hadrons in the jet relative to the 

jet axis is sharply cutoff on a scale of a few hundred MeV. Second, the distri- 

bution of hadrons in the jet longitudinal to the jet axis is a function only of the 

fraction of the jet momentum carried by the hadrons, and depends only weakly 

on the absolute center-of-mass energy of the electron-positron system; and 

finally, the distribution of jets relative to the axis of the incoming electron and 

positron momentum is, to good accuracy, 1+ cos2 6, where 6 is the angle 

between the jet and that axis. 

These observations are most simply explained by the parton picture2 of 

hadron substructure: e+e- annihilation into hadrons proceeds via e+e- annihila- 

tion into a quark-antiquark pair. At short distances, the quarks behave as if they 

were free: the 1+ cos’ 8 angular distribution which is observed is characteristic 

of e+e- annihilation into a pair of spinors. At long distances, quarks are con- 

fined and hence must fragment into hadrons. This conclusion is bolstered by 

the earlier observation that the ratio of cross sections, o(e+e--hadrons)/ 

o(e+e- --,u+p-) is roughly a constant which changes only when the threshold for 

producing new quantum numbers (or hadrons containing new flavors of quarks) 

is crossed. 

In recent years, the parton model has found an elegant realization in 

quantum chromodynamics (QCD) , 3 the local, asymptotically free field theoretic 

model of triplet quarks interacting with colored vector gluons. 4 QCD provides 
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a natural explanation for Bjorken scaling in deep inelastic lepton-hadron scat- 

tering and (to a lesser extent) the jet structure in e+e- annihilation. However 

it is an open question whether or not quarks are confined in &CD. To determine 

whether QCD actually exhibits quark confinement and furthermore whether it 

gives a spectrum of hadrons with their observed properties is a very formidable 

task.5 Since more theoretical efforts will certainly be directed towards this 

issue, it is important to examine all available experimental evidence that may 

support QCD. 

It is clear that many experimental facts can be explained naturally by &CD. 

The question we want to address ourselves to is whether there is any experi- 

mental evidence that supports QCD unambiguously. To formulate this question 

more concretely and explicitly, we must compare QCD to some other hadronic 

models. Noticing that QCD possesses in addition to the quarks gluonic degrees 

of freedom, it is natural to compare it to a specific hadronic model which does 

not have gluonic degrees of freedom. In particular, we have in mind the quark- 

confining string (QCS) model. 6 

The quark-confining string is defined by a relativistic invariant, gauge 

invariant and reparametrization invariant action of color quarks interacting with 

color SU(3) Yang-Mills fields along a string. It is a field theoretic model where 

quarks are Dirac fields in Minkowski space while the gauge fields have no inde- 

pendent degrees of freedom. The physical picture of QCS closely resembles 

that expected from &CD. In fact, in two-dimensional Minkowski space, the two 

models are identical. Q uar confinement is explicit in the QCS. (See Appendix k 

A for a brief summary of the properties of the QCS that are relevant to this 

work. ) 
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The key qualitative difference between QCD and the QCS is the absence of 

gluonic degrees of freedom in the latter. One may consider the QC.S as a phenome- 

nological model of &CD, so that it can be used to study the sector of hadron 

physics where gluonic degrees of freedom do not play any major role but where 

confinement effects are important. Since it is very difficult to calculate non- 

perturbative properties of &CD, the QCS provides a very handy tool for calcula- 

ting various hadronic properties such as spectroscopy. For the sake of compari- 

son, we shall take the QCS to be a phenomenological but complete working model in 

its own right (see Fig. 1). 

Since QCD possesses gluonic degrees of freedom’ and the QCS does not, a 

comparison of these models with experiments will sharpen effects of the 

existence or absence of gluonic structure. At present, the existence of gluons 

is often inferred from two experimental observations. 

The first is Bjorken scaling. Since QCD is asymptotically free, the proton’s 

constituents admit to a parton interpretation in the deep inelastic region. In the 

QCS, one also expects a parton picture to emerge: the quark-quark potential is 

linear, hence vanishing at short distances. The question of corrections to scaling. 

is more difficult, Scaling seems not to be exact at the highest Q2, v yet meas- 

ured: both QCD and the QCS may be consistent with scaling violations. In the 

former case these violations arise from pieces of various gluon-exchange graphs, 

calculated via the renormalization group. * In the latter case it is possible that 

scaling is broken by the quantum fluctuations of the string. Since the string is 

quite rigid (vibrational energies are greater than radial or rotational energies’), 

these corrections to scaling in the QCS are probably small. We must point out 

that, while the explanation of scale breaking via asymptotic freedom is attractive, 

it is by no means proven. 10 
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The second observation which is occasionally cited to infer the existence of 

gluons is that the momentum sum rule of e-p scattering is not saturated by 

charged constituents: about half of the momentum of the proton is carried by 

neutral partons. In &CD, these neutral partons are presumed to be the colored 

gluons . The QCS picture is equally simple: in the (nonrelativistic) application 

of the QCS to the $ spectroscopy, 9 we learn that for the $(3. l), the potential 

energy (i.e., the string energy) is, using the virial theorem, roughly 

i(M-2m)- 0.5 GeV . 

M (-3.1 GeV) is the mass of the state Z/ and m (-1.15 GeV) is the mass of the 

charmed quark. As m-0, the fraction of energy-momentum carried by the 

(neutral part of the) string increases. An order of magnitude estimate of the 

fraction of energy carried by the string can be obtained by the following consider- 

ation. For a ground state light hadron (m-0) 

E(R) =v+ kR = Ef+Es 

where the first term is the quark kinetic (fermionic) energy and the second term 

is the string energy. n is the number of quarks (antiquarks) present in the 

hadron. f and k are at most slowly varying functions of R, the length of the 

physical string; they are taken to be constants in this simple approtimation. 

Minimizing E(R), 8R i?W = 0 gives 

JWob 2 45 

Ef-Es- E/2 . 

Therefore we expect the charged quarks to carry roughly half the hadron’s 

energy-momentum. Since the string energy arises from a vector potential, this 

remains true in any Lorentz frame. Hence the momentum sum rule in deep 
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inelastic scattering can be satisfied without invoking the existence of gluons. 

This allows us to conclude that, at the present moment, there is no unambiguous 

experimental evidence for the existence of colored gluonic degrees of freedom, 11 

Since these two tests of the existence of gluons are inconclusive, what are 

other alternatives? One possibility would be the observation of hadrons which 

do not contain quarks, only gluons, the so-called glueballs. This test would be 

most difficult to verify. To begin with, we do not know if such states are 

allowed in QCD (although they are predicted by lattice gauge theories5 or by the 

MIT bag model’ to have masses starting at 1-2 GeV 12). These states are 

flavor SU(4) singlets, hence hard to observe. A typical characteristic is their 

small leptonic width (for l- states). However they probably mix with ordinary 

quark-antiquark states with the same quantum numbers, and then can interact 

like ordinary mesons, through the quark part of their wave functions, This 

renders the identification of glueballs difficult. In the QCS, vibrational levels 

(with spin parity assignment l-) are expected to have very small leptonic widths 

also. For light mesons, the lowest vibrational states also have masses starting 

around 1-2 GeV. Hence it will be difficult to tell a glueball from a vibrational 

state of a flavorless meson and a search for glueballs may not be the best place 

to look for the existence of gluons. 

The best test for the existence of gluons we know is via scattering experi- 

ments which probe small hadronic distances. If gluons exist, they must be 

produced in such reactions just as quarks are, and then fragment into color 

singlet hadrons much as quarks do. Jets which are presumed to arise from 

quark scattering and fragmentation, are seen in wide angle pp inclusive scatter- 

ing, deep inelastic scattering, and in the production of hadrons in e+e- annihila- 

tion. l3 Hard gluon production should manifest itself as a broadening of the 
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transverse momentum distribution of these jets, and also in the formation of 

extra jets in these reactions at higher energies. 14-16 In this work we examine 

in detail the structure of the jets produced in e+e- annihilation. 

Since precise quantitative calculations of jet structures starting from QCD 

or the QCS are not possible at the present moment, we shall abstract a phenome- 

nology from them so that they satisfy the present experimental situation. In 

particular we assume QCD has quark-confinement at present energies and that 

the fragmentation of quarks into hadrons leads to the jet structure observed at 

SPEAR and elsewhere. In the e+e- channel, both QCD and the QCS are taken to 

explain the jet structure at higher SPEAR energies via the picture of the parton 

model: 

(1) e+e- annihilate to a virtual photon which then decays into a quark- 

antiquark pair (q$ . The latter are essentially free when they are 

created (see Fig. 2a). 

(2) As qi move away from each other, they fragment into hadrons with 

little transverse momenta. The resulting momentum distribution 

of the hadrons has a cigar shape with a transverse momentum cut- 

off around 0.35 GeV. This is illustrated in Fig. 2b. 

We now wish to consider an extension of this basic process: 

In &CD, before the quarks fragment into (color singlet) hadrons, the quarks 

can interact via the following two processes: (a) bremsstrahlung of a colored 

vector gluon, and (b) emission of a hadron (typically a pion) at wide angle. 

The QCS has no gluons , hence the gluon bremsstrahlung process is absent. 

It seems plausible that emission of a pion at wide angle will take place in the 

QCS. Intuitively, the QCS is expected to have both: an exponential transverse 

momentum distribution from the string modes plus a power-like contribution 
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from the quark modes. This conjecture is not unreasonable since the QCS can 

be considered as a synthesis of the dual string 17 and two dimensional &CD. I8 

It is our hope that, since the existence or absence of the gluon structure is such 

a gross feature, and that, if present, the signal is so distinct, that the jet structure 

test should be relatively insensitive to the detailed assumptions we make for 

QCD and the QCS. 

The broadening of the jet structure due to gluon bremsstrahlung has been 

studied in detail by Ellis, Gaillard and Ross (EGR). I6 The calculation proceeds 

via three steps: 

(1) First, the initial gluon-quark interaction is calculated from 

Feynman diagrams. This is justified by asymptotic freedom. 

(2) Next, this approach is carried one step further: as long as all 

invariant subenergies of the final state quarks and gluons are 

large, the color coupling constant ac is small enough that 

perturbation theory is applicable; gluon emission is calculated 

perturbatively in uc. 

(3) Finally, the quarks and gluons fragment into color singlet 

hadrons. The fragmentation function is extracted from the 

SPEAR data. In principle, this metamorphosis of the quark 

or gluon into hadrons is due to quark-confinement. In practice, 

one merely folds the fragmentation functions over the final- 

state quarks and gluons. 

To calculate the emission of a pion from a quark, we apply the constituent 

interchange model (CIM) and dimensional counting (DC). 19 Since CIM/DC 

describe hadronic scattering quite successfully, we shall assume in this work 

that both QCD and the QCS have these properties. Hence the presence or 
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absence of a wide angle pion emission process does not test either QCD or the 

QCS. An understanding of this process allows us to separate it from gluon 

bremsstrahlung events, if the latter exists. Incidentally, if this pion emission 

process contributes to the broadening of jet structure, as one expects, e+e- 

annihilation into hadrons is probably the cleanest place to determine the normal- 

ization of the quark-meson coupling of the ClM. 

We find that at PEP/PETRA or CESR energies, both gluon bremsstrahlung 

and CIM pion emission broaden the sharp transverse momentum damping of 

jets observed at SPEAR. At lower energies, the CIM process dominates. 

However, due to the different Q2 (Q is the center-of-mass energy of the e*e- 

system) behavior of the gluon and CIM processes (differential cross sections 

(l/vtot) dg/dQ2- Qm2 and Qe4 respectively), gluon bremsstrahlung, if present, 

eventually becomes the most important source of jet broadening: with a reason- 

able value of ac and with normalization for the CIM process taken from the 

scattering experiments or extracted (as an upper limit) from SPEAR data, the 

gluonic process should be dominant at the upper end of the range of PEP/PETRA 

energy. It would be important to push PEP/PETRA to even higher energies 

in order that this effect be as striking as possible. 

We have also considered modifications of the gluon bremsstrahlung picture 

in two ways. First, we have investigated the behavior of the cross section with 

respect to different gluon fragmentation functions: we find that our results are 

not too sensitive to the form of the fragmentation function. Second, we have 

considered the possibility that the gluon might break into a qs pair before frag- 

menting into hadrons. This process leads to another scale-invariant contribu- 

tion to the cross section which could be a fair fraction of the single gluon brems- 

strahlung cross section. 
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Another place where gluon jets may be visible would be in the decay of a 

bound state of heavy quarks carrying new quantum numbers. The decays of this 

state would be Zweig-forbidden and would proceed via an intermediate state of 

three gluons. If the mass of the state is large enough, the gluons may form jets 

as they decay into ordinary hadrons. We have calculated the inclusive momen- 

tum distribution of hadrons which would be expected from the fragmentation of 

the three gluons, and find that, if gluons exist, their presence should be easily 

discernable in the decays of the new state. Of course, this three-jet dominance 

is completely absent in the QCS. 

Finally, we have investigated the related problem of jets and their broadening 

in deep-inelastic electroproduction. We have used the “eikonal” approximation 

to estimate the relative importance of gluon emission and the CIM process. We 

find that the ClM is the dominant contributor to jet broadening in presently 

accessible regions of energy and momentum transfer. 

We outline this paper: Section II contains a study of gluonic bremsstrahlung. 

This section is mainly a review and an extension of the earlier work of Ellis, 

Gaillard, and Ross. The other major contribution to the broadening of the jet 

structure is discussed in Section III: hard scattering processes which are the 

analogs of meson-quark scattering in the constituent interchange model. In 

Section IV we consider the jet structure generated by the production of four 

quarks in e+e- annihilation. Section V deals with the jet structure expected from 

the decay of a bound state of new heavy quarks (should they exist). This will be 

a good laboratory to look for the effects of gluons: should gluons exist, the 

spin-one state will decay via three gluons, producing a striking three jet pattern. 

In Section VI, we briefly consider the broadening of the transverse momentum 

distribution in the inclusive deep-inelastic lepton-hadron scattering due to both 
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the CIM process and the existence of gluons. This is compared to the broadening 

of jet structure in e+e- annihilation. Section VII contains our conclusions. 

There are two appendices. Appendix A summarizes the features of the QCS that 

are relevant to this work. Appendix B contains the various details of the four- 

quark jet calculations. 

II. GLUON BREMSSTRAHLUNG 

In this section we review and set up the notation for the gluon bremsstrahlung 

process e+e- --L y -qqG (Fig. 3) where q and ?l are the colored quark and anti- 

quark and G is a colored vector gluon. To obtain the cross sections for e+e- 

annihilation in &CD, a number of simplifying assumptions shall be made. Some 

of these assumptions will be examined later. For the case in which q, < and G 

each carries a sizable fraction of the total energy, the resulting event looks like 

three jets instead of two jets. For the QCS, there is no such three-jet producing 

mechanism and hence the two-jet structure persists for all e+e- energies. This 

is the preliminary result. In Section III, we examine the broadening of the two- 

jet structure due to the emission of a meson. 

The gluon bremsstrahlung process has been calculated by EGR. l6 The 

calculation proceeds as follows: (1) the quarks and the gluon produced in 

e+e- -+qiG are folded into their respective fragmentation functions, each having 

a sharp transverse momentum cutoff; (2) the jet axis is found by minimizing the 

total transverse momenta of all hadrons; and (3) the broadening of the jet axis 

is given in terms of distributions in x 2pl = - 
I Q’ 

where p 
1 

is the transverse 

momentum of a hadron with respect to the jet axis and Q is the total energy in 

the center-of-mass frame. The ef, e-, q, c and G momenta are defined in 

Fig. 3. They have energies E, E, El, E2 and E3 respectively. The three final 

state particles lie in a plane whose normal makes an angle 0 to the e+ momentum 
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Cl* The virtual photon has energy Q= 2E in its rest frame. Since all energies 

to be considered are large, it is reasonable to neglect all masses. The Feynman 

diagrams of Fig. 3 give a cross section 

_. do ~1 2(27$ 64tsl+q2-p,-p,-p,) WI2 
d3pl d3p2 d3p3 1 
2~ 1 - -- 2E2 2E3 (2E)2 (2.1) 

where M is the matrix element. Averaging the initial polarizations and sum- 

ming over the final state polarizations give 

,M,2 = .4g2 J)%J 
4Q4 PV 

where the lepton trace is 

and the hadron trace is 

4 /JV =~[~2’p3]pv+[p1’p2}~v- {pl’pl]~u] -IH 

(2.2) 

(2.3) 

+a3 [{pl~p3}~v + 1%~ ‘2}pv - {‘2”z),u3 

+ @,‘p3)@2’P3) p1’p2 [21p19’2}/4u+ [p1’p3}pv+ {+p3]pj) (2.4) 

Introducing the variables 

S ij = &++P~)~ = 2pi.pj = Q2(l-xh) 

for i#j#k, where xi = Ei/E = 2Ei/Q, the cross section can be written as 

do = 1 IN2 1 ds13ds23 d cos 8 dx d$ - 
(27$ 32Q2 2Q2 

(2.5) 

(2.6) 
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where x is the orientation angle of the plane and $ the azimuthal angle. Inte- 

grating over these two angles, we arrive at the differential cross section 

cY2a x2 + x2 1 2 
sg2 (l-qw-x2) 

(2+ sin2 6) d (cos 0) (2.7) 

(notice our definition of the angle 8 is different from EGR ) where CY~ = gE/4r 

is the quark-gluon structure constant, and qa is the fraction of unit electric 

charge of the quark with flavor index a. c1! is the QED fine structure constant. 

Assuming scaling and color SU(3), we write the point-like cross section 

+ “Pt te e --Y-X) = 3 C qfu(e+e--y+p+p-) =%a2 C< . (2.8) 
a Q 

Integrating the angles in Eq. (2.7) and including a factor of 4 coming from color 

summation, we obtain the normalized cross section 

2 2 
1 da =2% x1+x2 

“Pt 
dxldx2 3 7T (l-x1)(1-x2) . (2.9) 

To extract meaningful physically observable quantities from the above 

Feynman graph calculation, we must insure that we always remain in the kine- 

matic domain where perturbation calculations are valid. In the e+e- channel, 

scaling sets in quite early for the light quarks. In the language of &CD, this 

means the effective quark-gluon color coupling is small enough at the approxi- 

mate scaling region so that perturbation calculations are reliable. Following 

EGR, we take that value to be Qi -10 GeV2 and study the kinematic regions 
2 where the invariants s13, s23, and s 12 are all bigger than Qo. For small sij, 

the transverse momentum of any one jet with respect to the jet axis becomes 

small. Hence this cutoff (in Qi) has little effect on the large transverse 
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momentum part of the differential cross section. In the x variables, we have 

&E/Q2 G E 

E <Xi< 1-E i=l,2,3 (2.10) 

Thus the total three-jet cross section Q 3 jet is 

(2.11) 

Second, we must connect our Feynman graphs involving quarks and gluons 

to the real world of hadrons. We do this in the standard manner by describing 

the fragmentation of quarks and gluons into hadrons by a fragmentation function 

f(x), where x is the fraction of longitudinal momentum carried off by the hadron. 

A quark fragmentation function which provides a good fit to SPEAR data’ has 

been given by EGR: 

xf(x) = 2.2(1-~)~ + .25 (l-x) (2.12) 

Since neutral hadrons are not observed, Jx f(x) dx is normalized to 2/3 rather 

than 1. 

What should the gluon fragmentation function be? This is a problem, as 

gluon fragmentation has not been observed. We may take several alternatives: 

the gluon function g(x) may be taken to be equal to the quark function. Second, 

we may take 

g(x) = 1.23(1-x) f(x) (2.13a) 

The latter form is motivated by theoretical prejudices that g(x) should peak more 

at lower x than f(x) (such a form is suggested by constituent interchange models 20 ) 

and that g(x) have the same normalization as f(x). Finally, we may take a 
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fragmentation function motivated by the notion that, since gluons are color 

octets, they may fragment into hadrons much more readily than quarks 

lim g(x) - 2 lim f(x) 
x-o x-o 

but that as X--L 1 their fragmentation function should be suppressed by O(orc/n(l-x)) 

with respect to the quark fragmentation function. A simple function satisfying 

these criteria, and with a normalization sxg(x) dx - 2/3, is 

xg(x) = 5(1-x)7 +&(1-x)2 . (2.13b) 

We now calculate the three jet angular distribution about the resulting jet 

axis. Following Bjorken and Brodsky, 21 the jet axis is determined by diagon- 

alizing the sphericity tensor 

‘ij = C ~ij Pi -PaiPaj) 
a 

(2.14) 

and selecting the minimum eigenvalue. Here the index a runs over all the hadrons 

in the final state. We incorporate the sum on a into our calculation via the frag- 

mentation functions: 

'ij = F (GijP~ -PkiPkj > 
<x2> k 

where 

<x2> = “I- 

1 

k 0 
dx X2fk(X) 

and the index k runs over the quarks and gluons in the final state. <x2xk is 

simply an overall multiplying constant unless different quark and gluon 

fragmentation functions are used. In the latter case, < x2>k acts to skew the 

jet axis to be more in line with the axis of production of those constituents 

which fragment into particles with the greatest mean x. 
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We then calculate the inclusive cross section about the jet axis, du/dx 
1 

where xl (= 2p,/Q) is measured with respect to the jet axis. This graph is 

shown in Fig. 4, for the gluon fragmentation function set equal to f(x), and in 

Fig. 5- for g(x) given by Eqs. (2.13a) and (2.13b). We have chosen Q’s which 

bracket the center-of-mass energies to be expected from SPEAR, CESR, PEP, 

and PETRA, plus the possibility that the energy of the latter machines may be 

extended to 46 GeV. For comparison, we have included the transverse momen- 

tum contribution of ordinary two jet events, which we have parametrized as 

da -=12<nch>ple 
-6~; 

dpl 
(2.15) 

where the exponential falloff is taken from SPEAR data at 7.4 GeV. ’ 

Finally, we introduce an “eikonal” approximation in the calculation of the 

hadronic part of the matrix element, by neglecting p3 with respect to pl and p2 

whenever possible. In this approximation the hadronic matrix element H is 
PV 

LH 
=-L [{Pl’P2}pv - {Pl’Pl}pv] 4 PV Pl’P3 

+ & [{Pl. p2}/OJ - IP2~P2lPl (2.16) 

2Pl’P2 

+ (Pl’P3)(P2*P3) p1’p2 PV { I ’ 

The last term dominates the expression. This gives the approximate differential 

cross section (where the angles $, x are integrated) 

du = (-r2cY. 
c 4;--- 2xlx2 

dxldx2 sQ2c P-q (+J 
(2 + sin2 0) d cos 8 (2.17) 
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or, integrating the angle 8, 

1 da =2 @c 2xlx2 

“Pt dxldx2 3 n (l-x1)(1-x2) (2.18) 

where a factor of 4 from color summation has been included. The differential 

cross section l/a 
Pt 

dc/dxl obtained from this approximation is also plotted in 

Fig. 5 for comparison with the exact result, Eq. (2.9). We note that the 

lleikonaltl approximation is quite good. We shall use this approximation later 

when we study the production of four jets. 

In Fig. 6 we plot the angular distribution of the 3 jets on the jet-plane. 

Due to asymptotic freedom, the quark-gluon coupling in QCD should be 

considered as a function of the energy-momentum invariants involved. However 

it has been shown by EGR that such a dependence changes little the jet structure 

behavior. Hence we shall simply take the color coupling ac to be a constant 

throughout. 

III. WIDE ANGLE HADRON FRAGMENTATION 

We turn next to another competing production process, in which a quark 

fragments a meson with a large transverse momentum. Of course, at small 

transverse momentum, the metamorphosis of a quark into hadrons is given by 

the fragmentation function, Eq. (2.12)) where the transverse momentum is 

sharply (-0.35 GeV) cut off. However, at wide angles in various hadronic scat- 

tering processes it has been clearly demonstrated that the transverse momentum 

distribution takes on a power-law behavior, and present large angle scattering 

data are quite successfully described by the constituent-interchange model (CIM) 

and dimensional counting. 19 Following the CIM prescription and dimensional 
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counting, we obtain the Q2 behavior of the meson emission process of Fig. 7a,b 

1 do(q$r) 

“Pt 
-2 w,, x2) 

dxldx2 Q2 

where x1 and x2 are as given before 
_. 

s13 = @,+P,)~ = Q2U-x2) (3.2a) 

s23 = (P2+~3)~ = Q2t1-xl) 

In comparison, the 3-jet process has the scaling behavior 

dg(qqGJ 1 

“Pt dxldx2 
- ml’9 

(3.1) 

(3.2b) 

(3.3) 

To calculate the meson emission process, we use the method of the CIM. 

In that spirit, we use $4 theory and neglect the interference term between the 

two graphs of Fig. 7c, d. The quarks are taken to be scalar fields and the 

meson a bound state of scalar fields. Thus the differential cross section is 

given by 22 

x (2~)~ a4(Q-k,-k,-k,-k,) qz e4g2 

x 

8k4-pak4.q, 

+ Q4b-k4)2-p2 2 11 
I (3.4) 

where the photon-scalar field coupling is used instead of the photon-spinor field 

coupling for the quark-photon vertex. Since k2+k3 is the four-momentum of the 

meson, it is most convenient to introduce 

1=6 4 4 (k2+k3-p) d p (3.5) 
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and integrate over k2 and kg. For our purposes, the quark mass /A and the 

meson mass m are both negligible. Using the formula 

1 d4k2 d4k3 6+(k;-p2) 6+(k;+“) 64(k2+k3-p) = f (3.6) 

and - 

ld4p 6*(p2-m2) S4(Q-k,-k,-p ) = 6+((Q-kl-k2j2) (3.7) 

we obtain 

2 4 227r dgm+qaeg 6 
Gw Q 

/- d4kl d4k4 b+(k;) 6+(k;) 6+((Q-kl-k4j2) 

x 6+ (Q-kl)2-s13 ( ) ( 6+ (Q-k4)2-s23 ) ds13 ds23 

+ 4 a4 k .p k .pb 

2 
‘23 3 

where we have introduced 

I= sf((Q-kl)2- s13) ds13 

(3.8) 

(3.9) 

and similarly for s23. Integrating kl and k4 gives the cross section we want. 

Note that the interference term between the two graphs of Fig. 7c, d is neglected. 

Let us consider the first term of Eq. (3.8). It can be written as 

e=p p 8 1 2 422~ 1 

aP av 
-8qaeg 62 

lJv (27r) Q s13 

so that 8 must be of the form 
IJV 

e pv = Q,Qv 5 + g/&J I2 + (3. 10) 

Contracting this with $QV and $“” gives 

Q411 + Q212 = (Q2- s13)2 I/4 

Q211 -I- 412 = 0 

(3. lla) 

(3. llb) 



- 20 - 

so that 

iQ2-s1313 I 
3Q4 

= & (Q2-s13)2 I (3.12) 

where 

I = Id4kl d4k4 6+(ki- cl”) B+(ki- ,u”) “+((Q-kl-k4)2-m2) 

X 6+ ( (Q-kl)2- s13 ) sf ((Q-k,) 2- ~23) 

To evaluate Eq. (3.13) .we first integrate kl in the q=O frame. Then 

I = ld4k4 6+(ki-p2) 6+((Q-k4)2- s23) 

(3.13) 

(3.14) 

7r2 1 =-- . 
4 Q2 

Evaluating the second term of Eq. (3.8) in the same way, we obtain the cross 

section for meson emission 

dc 

dS13 dS23 

+ tQ2- ‘23j2 
2 1 (3.15) 

‘23 

Summing over the electric charges,color and spin factors, and using Eq. (3.2)) 

we have 

1 

“Pt 

- 2 
x2 

(1-x212 

2 - 
x1 

t1-xl)2 
+ (3.16) 

This is of the form given by Eq. (3.1). The absence of an (xl, x2) mixing term 

in Eq. (3.16) is due to the exclusion of the interference term. Integrating s23 
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in Eq. (3.15) gives 

do E3 -Cc- 
dS13 Q25f3 

s13 ccl-- 
Q2 

(3.17) 

in agreement with the CIM counting rules. For high enough energy, this process 

will be suppressed with respect to the gluon bremsstrahlung process (2.9) by the 
n 

l/Q‘? 

To find out the importance of this process, we have to normalize it properly. 

We shall discuss two ways of doing this. 

(1) (g/4$2 can be extracted from other experiments using the CIM 

approach. The quark-quark-meson vertex coupling has been extracted from 

data to be23 

- 2 GeV’ (3.18) 

For our purpose, we must include the probability that some of the mesons pro- 

duced may come from decays of higher resonances. This increases the basic 

coupling (3.18) by approximately a factor of 3. 23 In addition we should add the 

probability of the production of mesons via the sea quarks. This is estimated 

to give an extra factor of 3. Putting them all together we extract the value for 

the final effective quark-meson coupling 

N 220 GeV2 (3.19) 

This is an order of magnitude estimate. 

(2) An upper bound on the quark-meson coupling (g/4r)2 can be obtained by 

requiring that the CIM process be consistent with SPEAR data at 7.4 GeV. We 

show a plot (Fig. 8) comparing the data, which has a p l behavior that is 
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consis tent with 

do-e 
-6p2 

1 

dpl 

and the CIM process, normalized according to Eq. (3.19). We see that this 

normalization is consistent with the data, although the error bars are quite 

large. If a reanalysis of SPEAR data can shrink the error bars on the large pl 

data points, we will have a very clear normalization on the coupling constant of 

the CIM, or at least an upper limit on its value. At present, however, we can 

only say that the data and our CIM normalization are consistent with one another. 

We can consider this as an upper bound. 

We shall take the coupling strength normalized by Eq. (3.19) and compare 

the CIM process to the gluon bremsstrahlung process. This is given in Fig. 9. 

Notice that the gluon bremsstrahlung cross section is overwhelmed by the CIM 

process at Q=S GeV but becomes important as Q increases. At Q=32 GeV, the 

gluonic process may be the dominant process at xl > 0.2 if the effective olc is 

not too small (i.e., acL 0.2). Irrespective of the actual size of oc, we believe 

both processes are not negligible at all PEP and PETRA energies (i.e., Qt32 

GeV). The difficult task is to pick out the gluonic events since experimentally 

both have a three jet-like structure. We summarize the various possible 

approaches: 

(1) Search for an angular dependence of the normal of the 3-jet plane with 

respect to the e+e- direction. For gluon bremsstrahlung processes, this is 

proportional to 2 + sin2 0. 

(2) The angular distribution of the 3 jets for the gluon bremsstrahlung on 

the jet plane is given in Fig. 6. 
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(3) For fixed large x1 (i.e., x > 0.2)) we parametrize the cross section 
1 

bY 
1 - &Q2) =A+x+C+ . . . 

opt 1 Q2 Q4 
(3.20) 

Varying Q2, we can deduce the value of A. A#0 indicates a gluonic piece. 

plus 

as a 

(4) Alternatively we can also fix the angles for three jets or the two jets 

the meson (i.e., CIM process) and measure this differential cross section 

function of Q2 to pick out the gluonic piece. The three solid angles must 

be coplanar, 

da 
+- d5qdSJ2da3 =a+b+ . . . 

Q2 
(3.21) 

a#0 indicates a gluonic piece. 

(5) It may be possible to eliminate more CIM events in comparison to the 

gluonic events by putting a cutoff on the xmax of the leading particles, say 

X max<0.6. This may be useful since we expect the meson to carry practically 

all the momentum of hadrons coming out in its direction while the gluon may 

prefer to fragment into wee hadrons (recall Eq. (2.13)). 

(6) Events with a gluonic jet may have a much higher multiplicity than 

two-jet events. This is because gluons are color octets: The system of a gluon 

(an octet) moving apart from a qS pair (also an octet) possesses a larger net 

charge separation than a quark (a color triplet) separating from an antiquark 

(also a triplet). The larger charge separation may be reflected in a larger 

multiplicity of final state hadrons: for color SU(3), the fractional increase over 

ordinary two jet events is 9/4. 2o So it may be possible to identify events with 

gluonic jets by selecting events with larger-than-average multiplicity for 

analysis. 
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(7) Finally, one may be able to differentiate between the different kinds 

of jets by measuring correlations between the particles produced in the frag- 

mentations of the jets. Here again, comparison with lower SPEAR energies 

will be important. If we can see definite three jet events at CESR, PEP or 

PETRA, we expect that two of the jets (arising from quark fragmentation) will 

have properties similar to the quark jets seen at SPEAR. If the third jet arises 

from the decay of a CIM-produced meson, then we expect its distribution of 

final state hadrons to be characteristic of fQpical~~ resonance decay, and 

calculable, for instance, by Monte Carlo methods. If the third jet is gluonic, 

we expect a rather different behavior, since gluons are flavor SU(3) singlets. 

For instance, the mean charge of particles in the gluon jet should be zero. 

There should be some correlations in rapidity between, say, leading K+ls and 

K-‘s in the gluon jet, since the leading K’s will have been produced half the time 

from the annihilation of the gluon into an SE quark pair, which then decay into 

kaons . Finally, we expect flavor correlations between the leading particles of 

two of the jets if the third jet arises from gluons: these particles are formed 

from the fragmentation of the original qc pair produced by the photon. As 

meson emission a la CINI also implies flavor transformation of quarks, quantum 

numbers need not be conserved so strongly between the leading particles of 

different jets. 

IV. FOUR JET STRUCTURE 

As we have seen, the angular distribution of the three jet plane with respect 

to the e-e+ direction and the angular distribution of the three jets on the jet plane 

provide important signals for the 3-jet structure against the background due to 

the CIM process. In this section we examine the contribution to large pI meson 

production due to emission of four jets. This will give some indication of the 
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relative significance of multiple bremsstrahlung processes. Based on our 

calculations we conclude that at the upper range of PEP/PETRA energies the 

four jet cross section is a fair-sized fraction of the three jet cross section. 

For large xI and at large energies the four jet structure will also dominate 

over the CIM process. If the cross section is parametrized as in Eq. (3.21), 

the scaling piece of l/apt 
( > 

do/dxL will receive further contributions from the 

four jet structure, and, for that matter, higher multiple bremsstrahlung 

processes. Now we outline our four jet calculations. 

There are two types of processes which may produce events with four 

hadronic jets: (1) e’e- -y -qi qi, and (2) e+e- -y -qi GG as shown in Fig, 10. 

They are of order 0 o~z ( ) . We shall only be interested in the qualitative behavior 

of the four jet structure and its size in comparison to the three jet process. 

Thus it suffices for us to study a small set of Feynman graphs which, by itself, 

is gauge invariant and gives a positive definite contribution to the four jet cross 

section. We shall consider, for simplicity, the process e+e- -y - (q$(q$ 

where the two quark pairs are of different flavors. This clearly gives a lower 

bound to the four jet process. No knowledge of the gluon fragmentation function 

is required here. Even for this process the calculation is nontrivial. In what 

follows we content ourselves by studying only the most logarithmically divergent 

terms. 

The calculational procedure is similar to the three jet case. Throughout 

the calculation we suppose the quarks and gluons to be effectively massless. 

Denote the momenta of the incoming electron andpositronby ql and q2, andthose 

of the outgoing quark-antiquark pair of flavor a and b by pi, i=l, 4 (2,3) for 

a(b) quark and anti-a(b) quark respectively as shown in Fig. 11. The differential 
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cross section is given by 

do = FW4 s4twl-p,-p,-p,) 
where 

T = 3 h2) p Ml) 

X -qa 

‘23’234 
utPl) Yp ti234Ya v(P4) ;@3) Y, v@2) 

+ qa 

‘23’123 
U(P,) Ya! ti 123 Yp v(P4) u(P3) Y, v@2) 

- 93 
‘14’124 

<(p3) Yp ld124Y” vcP2) u@l) Y, v(P4) 

+ qb 

s14s134 
i%P,) Ya ti 134 Ycl v(P2) utPl) Y, v(P4) 

1 

with qa (qb) denoting the fraction of a (b) quark electric charge and 

P ijk = Pi ’ Pj ’ Pk 

2 
S ijk = Pijk ’ 

(4.1) 

(4.2) 

(4.3) 

The computational details are relegated to Appendix B. For the differential 

cross section in Eq. (4.1) we average over initial polarizations and sum over 

the final polarizations. We include the processes where the a and b quarks are 

different. For the same flavor quark-pairs, the interference term in lTl2 is 

rather complicated and we have not calculated it. Here we apply the “eikonal” 

approximation that is used for the 3 jet case (see Fig. 5 and Section II) to the 

scattering amplitude (4.2). Again we restrict ourselves to study the kinematical 

region where asymptotic freedom and perturbative calculations are applicable, 
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namely, all invariants s. ., s.. > 10 GeV2. 
13 uk 

Since all jets arise from fast quarks, 

we can safely employ the fragmentation function (2.12). The jet axis is found 

employing the same method for the two jet process. The inclusive cross section 

l/“pt d”/d”l with respect to the jet axis is plotted in Fig. 12. The slow 

approach to scaling in the region Q 532 GeV is due to our kinematic cuts 

S ij’ ‘ijk > 10 GeV2. We repeat that this is the lower bound of the four jet 

process, since processes of Fig. lob, c, d are not included (so is the same 

quark pairs case). 

So far we have assumed that a hard gluon fragments in a similar fashion as 

an energetic quark. If this is not the case, it is possible for the transverse 

momentum distribution of the 3 jet process to be much narrower. From Fig. 12 

it is clear that the four jet structure will dominate (over the CIM process) for 

large x1 provided Q2 is large enough. However, barring the above unlikely 

possibility, the 3 jet structure will be dominant for large xL at the highest PEP 

and PETRA energies. 

In the ‘leikonaltY approximation, we can also integrate analytically the four 

jet cross section (N is the number of flavors) 

2 
*oc oh jet 

’ - (N-l+q;) 
opt 97f2 

( Iln e 13+011n E I2 ) 

or 

c4 jet /r 3 jet > ; (N-l) 2 Iln EI 

At Q = 32 GeV, for example, this ratio is about l/2 if we take cucwO. 2, Qi -10 

GeV2 and N=4. 
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V. JETS AND HEAVY QUARK RESONANCES 

So far we have considered only processes that are of the order O(oc) and 

o(a:)* In general, processes that are higher order in oc are less amenable to 

computation and harder to investigate. One known exception would arise if there 

exist new heavy quarks, 24 more massive than the charmed quark. If another 

quark of mass m is found in e+e- annihilation, then the ground state meson which 

is the analog of the Zc, will have a mass of about 2m. In &CD, the hadronic decay 

of such a state proceeds via a three gluon intermediate state. Hence, if the new 

resonance is very massive, every hadronic decay should be, at least in prin- 

ciple, a 3 jet event, for each gluon is a priori sufficiently energetic to decay 

into a large number of hadrons. 

One might expect that the same statement could be made for the decays of 

the $, since in the &CD picture its decay is also mediated by a three gluon inter- 

mediate state. But events resembling three jets are not seen in the decays of 

the $. That is because the mass of the Z/ is so low that the average energy of a 

gluon in its decay is roughly 1 GeV. We know that quark jets become observable 

only when the center of mass energies are bigger than 5 GeV: that is, for quark 

energies greater than about 2 to 3 GeV. We expect that jet structure in the 

decay of the new resonance should become prominant should the average gluon 

energy be greater than 3 GeV; hence if 2/3 m is bigger than 3 GeV or so, the 

decays of the new state via three jet events should be dominant. 

The differential decay rate of the new resonance can easily be obtained 

since it is exactly the analog of the decay of orthopositronium into three photons, 

The leptonic width of the new state is given by 

2 2 42 Q2+2m2 l?(qG-e+e-) = 2~r cI! qa 3 0 Q4 
lwo12 (5 * 1) 
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where the charge of the new quark is q,. m is the mass of the quark and G(O) 

the bound state wave function at the origin. At resonance, Q2 2 -4m, 

The hadronic decay rate via 3 gluons is given by 

4cz3 
WC+ w = +r2-9,+ & 1$(0)12 

Q 

while the differential hadronic rate is given by 

dr3g = 41’ 
ds13ds23 96 

or, in terms of x1, x2, 

cY3 iE?&+ - ; 1$(0)12 
l-x3 2 

Q I( ) 
- 
x1x2 

+ permutations 
I 

The cross section at the resonance peak is given by 

dc 12n re+e’ =-- a3g 
dxldx2 Q2 rt dxldx2 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

where It is the total width. 

We may perform the usual jet-finding analysis which was applied to the 

three jet events of Section II-III to the decays of these bound states. In Fig. 13 

we graph the distribution l/I’ 
3g 

dI/dxL of hadrons about the jet axis, using the 

two gluon fragmentation functions (2.12) and (2.13). 

In Fig. 14 we plot the cross section dI’/dCJld02 of the three gluons in their 

plane. We note that the angular distribution of this plane with the e+e- direction 

is simply a constant. 
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In the quark-confining string, the hadronic decays of the new 

resonance take place as shown in Fig. 15. The Zweig-Okubo-Iizuka Rule is 

explicit in this diagrammatic form: in Fig. 15a, the decay goes via a closed 

string, which resembles a virtual photon, in the sense that such a closed string 

cannot be a physical state (see Appendix A). The closed string fragments into 

a number of hadrons and the distinct 3 jet structure present in QCD is com- 

pletely absent here. If the ordinary dual model is any guide to the phenomen- 

ology of the QCS, one expects in this picture either a broadened 2 jet structure 

from the decay of the heavy meson or an approximately isotropic distribution. - 

Hence if another heavy quark exists, observation of three distinct jets in 

the decays of its $-like bound state will be a very clean indication of the existence 

of gluons. Lf gluon jets are produced, the mean sphericity of events should show 

a marked deviation as one tunes through the resonance peak. The decay angular 

distribution of Eq. (5.5) has an average sphericity 

<s> = 0.23 

in contrast to the somewhat lower values (<sP. 08) seen away from resonance 

peak, where jet production is dominated by the nonresonant process of Sections - 

II-IV. 

If glueballs exist in &CD, the 3 jet structure from the decay provides a very 

good place to search for them. One expects the gluons to be inclined to form 

glueballs, especially as the leading particles of the gluonic jets. 

Finally, should three jet events be observed, this will be a good place to 

study the gluon fragmentation function. Since gluons are color octets and quarks 

are triplets, and a system of octets moving apart from each other corresponds 

to a greater net color separation than a system of triplets moving apart, we 

may speculate that the confining force may produce a higher multiplicity of 
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hadrons in the final state when gluons separate than when quarks separate. If 

this is true we may expect to see a rise in multiplicity as we tune through the 

new resonance. 

Clearly, should a new massive narrow resonance be found, it will be a 

most important laboratory for the study of the dynamics of hadron interactions. 

VI. JET STRUCTURE IN DEEP INELASTIC ELECTROPRODUCTION 

So far, we have considered the jet structure in e+e- annihilation. As is 

obvious, a similar jet structure is expected in deep inelastic electroproduction. 

In this section we briefly compare the broadening of jet structure in deep inelastic 

lepton-proton scattering due to gluon or pion emission to that expected in e+e- 

annihilation. 

The lowest-order process I- + p -B- + h + X proceeds via the collision of a 

virtual photon with one of the quarks in the proton, followed by the scale-invariant 

fragmentation of that quark into the final-state hadron h (Fig. 16a). In the 

scaling region2 

dg =4my2 (l-g’-&) F”i/,(&) fh/i(Y) 
dQ2dvdy Q4v 

(6.1) 

where E is the energy of the incoming lepton in the lab frame, the invariant 

mass of the photon is q2=-Q2, 2Mv=2p proton ‘q, fi/j 
(x) is the fragmentation 

function to produce particle i from constituent j, Fi,p(~) the structure function 

for constituent i in the proton (normalized so that F(x) = VW,(X)) and y =p/u 

where p is the longitudinal momentum of the hadron h along the direction of the 

virtual photon. Upon summing over h and assuming that c f .(y) = f(y) 
h h/l 

independent of i, we obtain the distribution of energetic hadrons 

= f(Y) (6.2) 
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which is the same fragmentation function that appears in e+e- annihilation. 25 

Again we have assumed a sharp cutoff in momentum transverse to the virtual 

photon’s direction. 

We now estimate the broadening of the jet structure due to gluon brems- 

strahlung and pion emission (Fig. 16b-e). We should include contributions to 

jet broadening in which the initial parton in the proton is a gluon (Fig. 16f, for 

example), since in QCD gluons carry roughly half the momentum of the proton 

in the infinite momentum frame; but due to our ignorance of the gluon structure 

function, we shall ignore them. We shall also use the “eikonal” approximation, 

so that our results give only an order of magnitude estimate of the gluon brems- 

strahlung and CIM processes in deep inelastic lepton-hadron scattering. A 

more detailed and slightly different analysis has been given by Floratos. 15 

First, let us consider the pion emission subprocess (Fig. 17a). The differ- 

ential cross section is given by 

d3p3 d3p2 d3k 1 
&c--m 

2E3 
- s4@,ts_P2-k) 

2E2 2Ek (27r))” 
4p . ;q+p 

1 3 
) 

(q+2pl~ (q+2p2$ {p3, q+p,\? (6.3) 

where scalar quarks are assumed. Using the method of Berman, Bjorken, and 

Kogut, 26 it is straightforward to extract the cross section for the production of 
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a large pT pion from (6.3). We obtain 

dQLdvdy d cos 8 

[ 
*a 1 + 1 

y (Mx+y~)~ (Mx+w)~ 

+ 
J 

ldz 2 GT,q(z) w ‘lz ’ - ’ 
0 z (l+!Tx+x$ +:(Mx++w)2 II 

(6.4) 

where the pion is emitted with energy vy (09 cl) and angle 8 with respect to the 

virtual photon’s direction. The first term in the square brackets in (6.4) 

represents the emission of an observed pion (Fig. 16b); the second term 

represents the effect of the emission of a pion from the quark, which is not 

observed, followed by the recoil of the quark and subsequent emission of a pion 

along the quark’s direction of 

The fragmentation function of 

motion via scale invariant fragmentation (Fig. 16~). 

particle type i is f(z) = Gn/i(z)/z, and 

x = Q2/2Mv 

(6.5) 

w”y-J~ cose 
M is the mass of the proton, taken to be 1 GeV. Notice that the proper normali- 

zation of (6.4) requires the use of scalar quarks for the deep inelastic cross 

section itself. This is given by 

(6.6) 
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The subprocess for gluonic bremsstrahlung (Fig. 17b) is, in the eikonal 

approximation, 

d3p3 d3p2 d3k 1 
&=--- - 

2E3 2E2 2Ek (27r)5 
~4ts+pl-k-p 1 ’ 

2 4P1’ (P3+9) 

* 9: 
647r3a2a 

C 2Pl. P2 

Q4 1’ 2 p kp .k l6 {p3Sp3+q\‘v (PI9 pl+qtpy (6 l 7) 

We can fold in the initial and final state fragmentation functions and evaluate the 

expression in the lab frame. The cross section for producing a pion with mo- 

mentum uy at an angle 8 to the virtual photon is given by 

do 

dQ2dv dy d cos 8 
= J dz F(;(z)) 

z2 F(x) 

l-9 

Tr/q@) + $ G?,/g(z) 1 2E(E-u) + u2xfi(z) , t6. 8J 
2E (E-v) + y2 

where x,:(z), and w are defined in Eq. (6.5). The first term in the brackets 

represents fragmentation of the meson from the quark (Fig. 16d), the second, 

fragmentation from the gluon (Fig. 16e). 

Using the fragmentation function (2.12), the CIM coupling strength (3.19), 

oC- 0.2, and any fit to vW2, 27 we can calculate the broadening of the transverse 

distribution dN/dx 
I’ 

For the lowest order deep inelastic cross section, we 

assume an exponential transverse momentum cutoff 

dN -=6<<n 
-6~; 

dp f’ 
charged’ e l 

In Fig. 18 we plot the various transverse distributions at E = 145 GeV, V= 45, 

85 GeV, and Q2=15 GeV2, typical of Fermilab energies. We also plot them at 
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E=350 GeV, v=210 GeV, and Q2=25 GeV2, which may be reached by SPS at 

CERN and/or the doubler at Fermilab. 

The process of Fig. 16f clearly will enhance the contribution of the broaden-, 

ing due to the presence of gluonic degrees of freedom. However, from Fig. 18, _. 

we can conclude that the CIM process is the dominant contribution to the 

broadening of the jet structure in lepton-hadron scattering. At very large trans- 

verse momentum, it is possible that the gluonic contribution becomes the domi- 

nant effect, as suggested by the analysis of Floratos, but the cross section at 

such large transverse momentum falls rapidly and hence is very difficult to 

measure. 

VII. CONCLUSION 

We conclude our investigation of jet structure in e+e- annihilation by listing 

some of the more salient results which we have obtained from our calculations. 

We find that jet structure in e+e- annihilation is very well suited to the 

search for gluonic structure. In comparison to hadron-hadron or lepton-hadron 

scattering, we feel that e+e- annihilation is the cleanest place to study the rela- 

tion between jet structure and gluonic degrees of freedom. There are four 

reasons for this. First, the quarks are produced with a clean (l+ cos2 0) angular 

distribution. Second, the produced quarks do not have to be folded into structure 

functions. Third, since there are no spectator quarks present, the rescattering 

problems of hadron-hadron or quark-quark interactions are minimized. Finally, 

the large Q2 which can be reached in this reaction is capable of suppressing the 

CIM process relative to gluon emission. 

One difficulty in studying jets in e+e- annihilation is the determination of 

the jet axis. This problem is due to the difficulty of detecting the neutral 

hadronic components of the jet. A good way to analyze the jet structure is to 



- 36 - 

trigger on a leading charged hadron with x> 0.5, whose direction is taken to 

define the jet axis and then analyze the opposite jet only. 

The cleanest signal for the existence of gluons is to look at the hadronic 

decay of the (JPc- - l--) ground state of a heavy quark-antiquark bound system, 

if such a heavy quark exists. The resulting three gluon-jet structure should be 

very distinct. If such a structure is present, this is a perfect place to measure 

the fragmentation function of a colored gluon and also an ideal place to search 

for glueballs. If, on the other hand, the three gluon-jet structure is absent 

(for a ground state energy greater than 10 GeV), then at the very least, our 

naive understanding of QCD in the asymptotically free region needs reexamina- 

tion. In this respect, it would be important to calculate the hadronic decay 

pattern from the QCS. 

We have found that jets in e+e’” annihilation will broaden at higher energies. 

This broadening is due to both gluonic emission and to the emission of pions at 

large transverse momentum. Gluon jets can be seen only in the upper energy 

range of PEP and PETRA. The search for gluon jets at CESR energies will be 

very difficult, since the CIM process is so dominant there. In Section III, we 

have described methods to pick out the gluon bremsstrahlung process from other 

events. We conclude that it should probably be possible to separate gluonic- 

induced jet structure from competing backgrounds. In addition, if the CIM 

process is present there, jet structure in e+e- annihilation probably provides the 

best determination of the normalization of the quark-meson coupling of that 

picture. If the CIM process is absent, this would be a surprise but not neces- 

sarily (due to our ignorance) in disagreement with QCD or the QCS. 

Many explicit numerical results given in this paper assume specific forms 

for the gluon fragmentation function. If it should happen that the gluon 
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fragmentation function is much more heavily suppressed everywhere except at 

low x than we have assumed, gluon fragmentation would give rise to high multi- 

plicity events, but events resembling three distinct jets from gluon bremsstrah- 

lung would be suppressed. In that case, a search for high multiplicity may be 

more relevant. Alternatively, one can look for a broadening due to four jet 

events, where each of the four jets comes from a quark fragmentation. One 

could study this four jet process by detecting charged hadrons at four widely 

separated but fixed solid angles and search for a scaling (in Q2) term. 

Our results may be summarized most succintly in Fig. 19, where we plot 

the average jet transverse momentum qL> as a function of Q. We define 

and qT>i is the mean transverse momentum squared for the ith process 

2 1 
/ 

da(e+e--- hiX) 
<pl’i = 2 dq P; 

dpl 

The exponential two jet part of the cross section, -exp -6~12, yields a constant 

Gl> of 400 MeV/c. Including the CIM contribution raises this plateau to about 

1 GeV/c. The inclusion of the gluon term leads to a eL> which increases 

monotonically with Q. This occurs because of the scale invariance of gluon 

reactions: in particular, aI> scales, hence <pI> is proportional to Q. The 

signal for the existence of gluon-induced jet structure is clear: a cl> which 

increases as the center-of-mass energy increases. 

It is our hope and conviction that the existence or nonexistence of gluon 

structure has such general consequences that its effects should be relatively 

independent of the particular assumptions we are forced to make in order to 

compute quantitative results. We have attempted to demonstrate that our 
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analysis actually depends rather weakly on details, relying instead upon the 

asymptotic freedom of QCD and quark-confinement via phenomenological frag- 

mentation functions. We are certain that the jet structure in e+e- annihilation 

at PEP, PETRA and CESR will help tremendously to clear up the roles QCD 

and the QCS play in hadron dynamics. 

Of course, it will be most exciting if the transverse momentum distribution 

of the jet structure at PEP, PETRA and/or CESR energies differs from all the 

possibilities discussed in this work. 

Acknowledgments 

We would like to thank our colleagues at SLAC, especially J. Bjorken, 

R. Blankenbecler, S. Brodsky, W. Caswell, J. Gunion, G. Hanson, R. Horgon, 

Minh Duong-van, J. Sapirstein, and D. Sivers for many useful discussions. We 

thank S. Drell and F. Gilman for valuable comments on the manuscript. 



- 39 - 

APPENDIX A 

Here we briefly summarize the properties of the QCS that are relevant to 

this work. The quark-confining string is defined by the action6 

- co 2cY S=/ du pg 
-co 

where (u@, CI! = 0,l) parametrize the embedding of the string Rp(u”),p = 0, 1,2,3 

in four dimensions. The embedding is described locally by the tangent vector 

%J 
= aRp/auo, the induced metric g @” TQ’ T/y and g = det(g 

@ 
)< 0. The quark 

fields $ (with flavor index j) are color triplets of four-component fermions; 

I 
B:(u): a!=O, 1, a=1,2,. D. 8 

1 
are the two-dimensional color SU(3) gauge fields. 

The Hamiltonian can be written as 

H= / 

where 

(n,,Q= 1,2) are the two space-like normals, n;=-1. Choosing the gauge %I=O, it 

is straightforward to show that go is a function of the string variables and the $ 

fields. Hence the Hamiltonian can be rewritten in the following form (for color 

singlet states) 

H = /:$K$: du’ 

where K is an operator which includes the Coulomb interaction term. We observe 

that 

(1) There are no gluonic degrees of freedom. 
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(2) Any physical state I p> that has no quark modes in it will be 

annihilated by the Hamiltonian, H I p> = 0. In particular, the 

spectrum of the QCS contains no glueballs. 

(3) The ground state of the model is the vacuum. The above 

Hamiltonian adequately describes multihadron states. In 

this sense, the QCS should be considered as a field theoretic 

model. (Of course, this is obvious in two-dimensional 

Minkowski space. ) 

Physically, when the quark-antiquark of a meson string 

annihilate, a closed string can be formed. Although such a 

string configuration cannot survive as a physical state, it is 

believed to play a major role in both diffractive (as a bare 

Pomeron) and annihilation processes (analogous to that of a 

virtual photon). 

(4) 
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APPENDIX B. Details of the Four-Jet Calculation 

In this appendix we present the details of the four-jet calculation. The 

scattering amplitude is given by Eq. (4.2). Averaging over e* polarizations 

and summing over the final state polarizations we find 

where the lepton trace is 

LPV = 4 q1,q2 #uv 
1 1 

=4 91 ( 
p q2 v+qIvq2p - y12P) o3.2) 

The hadron trace H TV has terms proportional to qa2, qb2 and qaqb. It will be 

shown later that the qaqb terms do not contribute to the leading log structure of 

the cross section. The qa2 and qb2 terms are related by pI - P3’ P2 - P4’ 

Thus it suffices to consider the qa2 terms only. In the lleikonalll approximation 

the intermediate gluon is assumed to be relatively soft; for the qa2 terms that 

means p2+p3 is small compared to pl or p4. The hadron trace is then vastly 

simplified and is given by 

+ p1’p3pI’p2 + p3’p4p2’p4 _ P~‘PQP2’P4+P~‘P2PQ’P4 

2 2 2 2 2 
‘23’123 ‘23’234 ‘23’123’234 I 

~128 pI,PqClvK l 

I I 

We impose cuts on our phase space integrations such that the final state invari- 

ant masses s.. s.. are greater than Qi = 10 GeV2. ijk’ 1~ 
The jet axis is found by 

selecting the minimum eigenvalue of the sphericity tensor. For the fragmentation 
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function we use Eq. (2.12). The whole computation is then done by using the 

numerical integration routine of Sheppy. 28 

The leading logarithmic structure of the total cross section can be obtained 

by the following analytic calculation. In addition to the approximations mentioned 

above we also replace the &function in the phase space by S4(q-PI-p,) (as a 

check this approximation has been applied to the three jet case. It yields the 

correct (In Q2 behavior. ) Denote the polar angles of c2 and z3 relative to Fl 

(= -F4 in our approximation) by (O,, 9,) and (e,, 9,) respectively. TheF2 and 

F3 integration we encounter is (where K is given by Eq. (B. 3)) 

where 

and 

= + ~dE2dE3 dcos e2 d cos O3 d$2 d$,(I,+12) P. 4) 

K 

I1 = e2) + E3(l-COS e3) I[ E2(l+COS e,) +E3(l+COS e3) 1 

e2 cos e3 

I2 = -2E2E3(cos O2 - cos 83)2 I; (B-5) 

The integration over $2 and $3 can be easily performed. Making the fol- 

lowing change of variables 

E2 
&(I -COS e2) 

E3 w= x=- 
Q (’ 

-COS e,) 

P. 6) 

E2 
Y= T (~+COS e,) 

E3 z= Q(i+~~~ e,) , 
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we find 

2 
I=.!!& J dwdx dydz wy+xz 

‘wz-xy ’ (w+x)2(y+z)2 l 

(B. 7) 

The lower limits of integration are given by s.. > Q2 =Q2e. _. Ilk- 0 Translating into 

the lower limits of sij this cut in the phase space integrations means w, x, y, z, 

s14/Q2 and s23/Q2 are all greater than e/3. The last condition (in the azi- 

muthally averaged sense) implies lwz-xyl > e/3. The upper limits of integration 

can be easily seen to be restricted by x+y+w+z + lwz-xyl -I- e/3 = 1. For the most 

divergent logarithmic structure the integrations yield 

Performing the trivial cl and F4 integrations 

J 3 2 a4(q-Pl-P4) (q~>q2~v [P1’P4}pv 

4 
=+E , 

summing over the colors of the final state particles 

(B.9) 

(B. 10) 

and putting all the factors together we get 

32 a2cY2 
= -2 lh c I” (N-1) fIaqors < 9n Q2 

, (B. 11) 

where N = number of quark flavors. 
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Finally we have to show that the qaqb terms do not contribute to order 

Ilne13. The hadron trace involved is 

H = PV -2qaqb II fpv (l, 49 2, 3, fpvt4s I9 + 39 2, 

-fpv(l,4,3,2) - fpvtw, 2,3) 1 , 
where 

f/$,4,2,3) = s 
1 

14'23'134'234 

(B-12) 

The product of the traces can be done by the algebraic manipulation routine 

REDUCE. 2g Notice that the denominators in the f PV 
‘s are less singular than 

those in the (qz+ qi) terms. By explicit calculation we have found that the qaqb 

terms can at most contribute to order (ln E)~. 
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1. Schematic form of the relation between quantum chromodynamics (QCD), 

2. 

the quark-confining string model (QCS) and the correct model of hadrons. 

Lowest order process for e+e- &hadrons (2a) and its two jet structure in 

momentum space (2b). 

3. Feynman graphs for e’e- -qcG, with the labeling of momenta used in the 

text. 

4. 1 dc 

5. 

6. 

Inclusive transverse distribution - dx for two jets and for (qqG) 3 jet 
opt 1 

processes, with ac = .2. 

1 -$$ for qiG, showing the effects of the gluon fragmentation functions (2.12) 
opt 1 
and (2.13), and of the eikonal approximation. 
1 da 

“pt dcos e1 dcos e2 plotted as a function of the smallest angle between the 

jets, for various values of the intermediate angle enext(which is marked 

on the curves) between 2 jets on the 3 jet plane. We define 

t2T- ‘next’ ‘mb) 2 ‘next 1 ‘min. Here Q= 16 GeV, but the curves are 

insensitive to Q. 

7. The pion emission subprocess. In (a, b) p3 is the momentum of the pion. 

Our calculation is actually based on e4 theory (c, d) where the pion 

momentum is k2+k3. 

8. 

9. 

10. 

11. 

Normalization of the CIlVI process as compared to the data from SPEAR 

at Q = 7.4 GeV. Data is taken from Ref. 1. 

The transverse momentum distribution for 2 jet, 3 jet and ClM processes. 

The subprocesses that contribute to four jet structures. 

The subprocesses that give four-quark-jet structure. We consider only 

these diagrams. 
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FIGURE CAPTIONS 
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12. The four-quark-jet cross section in comparison to the 3 jet cross sections. 

oc = 0.1. Recall that the four jet curves shown here give only a lower 

bound on the cross section. Notice the slow approach to scaling in the 

region Q s 32 GeV due to our kinematic cuts. 

13. The transverse momentum distribution of the decay of a bound state (q% 

of heavy quark q. The jet axis is defined as the minimum pL axis. 

14. The angular distribution of the 3 jets on the 3-jet plane of the bound state. 

The three angles between the jets are (27r- enext - emin) 2 Bnextl emin. 

The x-axis is emin. Bnext is marked on each curve. 

15. The schematic picture of the decay of a bound state of heavy quark- 

antiquark to usual mesons of light quarks (i. e. , u, d, s, c quarks) in the 

QCS picture. The closed loop is a virtual intermediate state. The wavy 

lines indicate possible presence of string excitation modes in the hadrons. 

16. Processes contributing to jet structure in lepton-hadron scattering: 

(a) lowest order reaction, and jet broadening by (b) pion emission, 

(c) recoil of the quark after pion emission, followed by quark fragmentation, 

(d) gluon bremsstrahlung and quark fragmentation, (e) gluon bremsstrahlung 

and gluon fragmentation, (f) scattering off the gluonic component of the 

proton. 

17. The subprocesses studied in deep-inelastic scattering: (a) pion emission, 

(b) gluon bremsstrahlung. 

‘18. The various transverse momentum distributions in lepton hadron deep 

inelastic scattering. We have used the “eikonal” approximation so our 

results give only an order of magnitude estimate. The solid curves are 

for Q2= 15 GeV2, E = 145 GeV and v = 45 and 85 GeV. The dotted curves 
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are for E=350 GeV, Q2=25 GeV2 and v=210 GeV. ac=O.l. For the 

single jet process we assume dN/dpT 0: e 
-6~: 

. 

19. Average jet transverse momentum, for the cases (a) no jet broadening, 

(b) broadening via CIM only, (c) jet broadening via CIM and gluon emission. 
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