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ABSTRACT 

The effect of quark and gluon spin on the fragmentation of 

energetic quarks into hadrons is discussed. Particle ratios and 

polarization for wide-angle mesons and baryons are given. In 

particular, we find p/r = 1 with the p’s longitudinally polarized. 

It is found that circularly polarized photon beams can serve as 

a source of polarized quarks and that h's produced in the photon 

fragmentation region carry the same handedness as the photon. 
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The testing of Quantum Chromodynamics (QCD) is an area of major 

concern in high energy physics. Among the successes of this theory are - 

the constancy of the Drell ratio R in e+e- annihilation and the magni- 

tude of the anomalous dimensions that are known to be present in deep 

inelastic lepton-hadron scattering. 1 The basic constituents of the 

theory are spin-l/2 quarks interacting through the exchange of spin-l 

color gluons. The only clear, direct test of the spin-l/2 nature of the 

quarks is given by the 1 + cos28 angular distribution of jets in e+e- 

annihilation. In this paper we discuss some additional QCD predictions 

that rely strongly on the intrinsic angular momentum of quarks and gluons. 

We first examine the fragmentation of quarks into hadrons. The 

distribution of the produced hadrons is known to be jet like, with a 

mean transverse momentum with respect to the quark direction of a few 

hundred MeV. The study of hadrons arising from quark decay with k&<k$ 

lies outside the scope of perturbation theory. We limit ourselves to a 

consideration of ,those hadrons whose k, with respect to the quark direc- 

tion is larger than 1 GeV. We can describe their production by the 

lowest order diagrams shown in Fig. 1. This is possible because the 

intermediate vector gluons are sufficiently far off shell to make pertur- 

bative calculations meaningful. We take the incoming quark to be in a 

definite helicity state and neglect terms of the form m/q, where q refers 

to relevant momenta in the problem and m labels the "quark mass." In 

this limit the vector character of the gluons guarantees that helicity 

is conserved at the quark-gluon vertex. 

The production of a meson, shown in Fig. l(a), can be described by 

two invariant amplitudes. We label these amplitudes M,+ and M+-, where 
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the first subscript refers to the helicity of the incoming quark, taken 

to be right-handed, and the second subscript refers to the helicity of 
- 

the produced antiquark. A simple calculation yields 

b&l2 cc P-P2 Pl'P3 

I”* .2 
I a P'P3 Pl'P2 

(1) 

where we have only shown the Dirac spinor structure. The momenta p, 

P 9 p2 and P 1 3 are indicated in the figure. 

A zeroth order approximation to a meson wave function in a rapidly 

moving frame is given by requiring that the momentum of the q and the q 

be parallel. Therefore in comparison with other invariants p1.p2 % 0. 

This leads to a suppression2 for Mtt. Thus mesons originating at wide 

angles with respect to the jet axis are produced in a zero helicity state. 

We expect for this configuration that the ratio of vector to scalar 

mesons such as p/r or K*/K is 1 and the produced vector mesons are longi- 

tudinally polarized. 3 This polarization can be confirmed, for example, 

by measuring the angular distribution of the 27r decay mode of the p. It 

should be noted that both particle ratios and polarization predictions 

are in fact independent of the helicity of the initial quark. 

In the fragmentation of a quark into baryons (Fig. l(b)) the same 

line of reasoning leads to M+++ % 0, where the subscripts refer to the 

helicities of the quarks forming the bound state and the momenta of the 

constituents are again taken to be parallel. This suppression can be seen 

in the angular distribution of decays of decuplet baryons produced at 

wide angles. Another consequence of this suppression manifests itself 

in the particle ratios of decuplet to octet baryons. For example, we 



-4- 

predict A+/p = A"/n = 5/4 and X*/C = C*/h = 1. We have calculated these 

ratios by computing the overlap between the amplitudes to produce the 

three quark state and the SU(6) wave function of the hadron. These re- 

sults may undergo modification if, on the average, the allowed helicity 

amplitudes are not equally probable. 

In the low k, region where the majority of the produced hadrons lie, 

p1*p2 cannot be considered negligible in comparison with the other invar- 

iants. Therefore, the suppression of particular helicity states is no 

longer tenable. In addition, nonperturbative effects are bound to be 

important. Since the number of available mechanisms to produce a given 

helicity state should in this case be large, it is reasonable to suggest 

that in this region particle ratios will be given by statistical phase 

space, that in the limit m/E + 0, reduce to (2J1+1)/(2J2+1), i.e., P/K = 3 

etc. 4 

Large transverse momentum hadronic production as well as e+e- anni- 

hilation constitute the most natural reactions in which to study these 

phenomena. In both cases events must be selected with a well defined jet 

structure. One 

with respect to 

ground is given 

should study the energetic hadrons produced at k, R 1 GeV 

the jet axis. A potentially troublesome source of back- 

by hadrons originating from hard gluon bremsstrahlung. 
'; 

Detailed calculations' show this background to be negligible up to the 

higher energies available at PETRA/PEP. 

Our previous results, though dependent on quark spin, do not require 

the use of polarized quarks. The need for quark jets is, however, clearly 

evident. We would now like to consider an independent test of the under- 

lying theory that can be performed at low energies where the jet structure 
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is unlikely to be present. This test relies on the use of polarized 

quark beams. It is generally thought that detailed studies of the dynam- 

ics of quark spin dictate the use of polarized beams and targets, and the 

observation of the resulting angular asymmetries. 6 These asymmetries 

vanish in lowest order when only one of the initial quarks is polarized. 

There is, nonetheless, a simple experiment that can be done using polar- 

ized beams on unpolarized targets, provided that measurement is made of 

the polarization of the produced final state hadron. A very convenient 

source of polarized quarks turns out to be circularly polarized photon 

beams. Such beams, for example, are available at SLAC with almost 100% 

polarization. 

For low transverse momentum photon-hadron physics, the photon can 

be thought of as a superposition of vector mesons. On the other hand for 

high transverse momentum, the photon interaction with hadronic matter is pre- 

dominantly mediated by the bare qq component in the photon wave function 

(when seen in a rapidly moving frame)! If the photon is polarized, so 

will be the quarks. In particular, the probability that a photon in a 

positive helicity state will fragment into a polarized q carrying a frac- 

tion z of the photon momentum is given by8 

P 
Y+"g+ 

(z) = Jg , PY 39 (z) = p (1-z)2 (2) 
+ - 

where S depends on the transverse momentum and coupling constant e. The 

secondary quark beam will undergo a hard scattering subprocess with a 

constituent of the target, before turning into a large pl hadron. The 

vector nature of QCD is reflected in the conservation of quark helicity 

regardless of the type of hadron constituent from which the quark scatters. 
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The selection of final state hadrons at large Feynman x and pl in- 

sures that they have originated from quarks with a large fraction z of 
h 

the photon momentum. These hadrons should reflect the high degree of 

polarization of the secondary quark beam. What is needed is a monitor 

of this polarization. Ideal candidates are strange baryons which decay 

weakly with large parity violating parameters such as A -+ p+a- or 

c+ + p+7i". The angular distribution of the decay nucleons (or pions) 

then allows the determination of the degree of polarization of the strange 

baryon along the direction of motion.' 

In the pl regime 1 < pl < 6 GeV/c we find that the most economical 

way to produce A's or C's in the photon fragmentation region is to use s 

quarks from the photon wave function and combine them with u and d quarks 

from the target. This is often referred to as a constituent interchange 

mechanism (CIM). 10. The contribution to the differential cross section 

for these constituent interchange processes is given by 10,ll 

& = ePf (ecm) 
d3P 

2N 
(~,2 + m 1 

(3) 

E* where E = 1 - - 
Gax 

with E" the cm energy of the detected particle and 

E* max its maximum kinematically allowed value, and 

P = 2n 
hadronic + nem 
passive passive - 1 

N = nactive - 2 . 

The fundamental CIM process in forward photoproduction of baryons is 

qB + $3 or Y + (qq) -f B+q (see Fig. 2). Processes in which the s quark is 

taken from the nucleon wavefunction necessarily involve two more spectators 

or passive quarks (with the same number of active quarks) than when the s 



-7- 

quark is directly taken from the photon wavefunction. Photoproduction 

datal*Trefer small values of P and hence favor the use of s quarks from 

the photon. 

Combining this mechanism with our knowledge of the SU(6) wave func- 

tions of A's and C'S, we find that A's are particularly suited as probes. 

The u and d quarks in the A wave function are in a spin singlet state 

and therefore 

quark. Thus, 

photon, i.e., 

the helicity of the A is directly given by that of the s 

in the limit x -f 1 the A follows the handedness of the 

the longitudinal polarization P + 1. 13 
A As we see in Eq. 

(2), the contribution of quarks with opposite handedness to the photon 

is suppressed by (l-~>~ in this limit. The magnitude of the longitudinal 

polarization will decrease with decreasing x and will vanish for low x. 

For the C's for which the u and d quarks are in a spin triplet state, 

the polarization is given by PC = -7 IP A. Care must be taken experimentally 

since C o + A+y thereby contaminating the A signal, in a way that will 

reduce the magnitude of the A polarization. 
14 Calculations support the 

feasibility of detecting this polarization at SLAC. 

Finally we should note that for p photoproduction (exclusive or 

inclusive at large x and large transverse momentum), a mechanism 

of the type described for photoproduction of A's should occur. The 

joining of a q and a 4 to form a p in this region should be described as 

in Fig. l(a) with the quark leg p3 crossed so that p and p3 are incident. 

Our arguments show that p's formed in this way should exhibit longitu- 
15 

dinal polarization only, independent of the polarization of the photon. 

This prediction leads to a striking result when using a polarized photon 

beam since for low t, diffraction dominates and p photoproduction is 
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known to conserve s-channel helicity. 
16 The polarization of the P's 

shoulrthus change markedly at larger momentum transfer where the point- 

like coupling of the photon to quarks predominates. 
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FIGURE CAPTIONS 

1. Lowest order QCD diagrams that contribute to the fragmentation of a 

quark into (a) mesons and (b) baryons. There is a third diagram of 

the form of (b) in which the quark produced by gluon bremsstrahlung 

itself radiates. The + sign refers to the helicity. 

2. The leading CIM process contributing to the photoproduction of A's. 
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